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Tomatoes and peppers are two of the most popular vegetable crops within the state of 
Iowa. Both solanaceous crops benefit from high tunnel production which allows for earlier 
planting and fruit production, improved yields and fruit quality, and an extended growing season. 
While tomatoes and peppers are two of the most economically beneficial crops to grow within 
high tunnels, growers struggle to optimize yields and manage the environment inside high 
tunnels, primarily heat and light.  In the case of tomato, the use of vigorous, disease-resistant 
tomato rootstocks has become a sought-after production tool for increasing yields and 
productivity, although results are often tied to scion x rootstock x environment interactions. 
Additionally, adoption of tomato grafting is on the rise across the country, and growers are eager 
for information on how to successfully produce grafted plants. One of the main challenges that 
exist in grafting is the healing of plants immediately after grafting in order to optimize plant 
survival. Healing chambers can be either locally constructed or bought, but this input adds to the 
overall cost of producing a grafted plant. Growers are interested in learning about low-input 
alternative healing systems that are less expensive, yet efficient, in producing a successful graft 
union. While pepper production can also be improved through grafting, a more immediate 
concern for Iowa growers is the management of high temperatures and solar radiation within 
high tunnels which can contribute to increased flower abortion, decreased fruit set, and decreased 
yield due to losses from both abiotic and biotic disorders. High tunnels are an excellent resource 
for season extension in early spring and late fall, however, they can capture and hold excessive 
heat during peak summer months.  
The overarching goal of this research was to test and improve the use of grafting and 
shade cloth placement to improve tomato and pepper production in Midwest high tunnels. We 
xvi 
began with a study of grafted and nongrafted hybrid and heirloom tomatoes which showed 
minimal yield increases with the rootstock used. Further research using seven additional 
rootstocks grafted to a commonly used hybrid tomato showed that five of the commercially 
available rootstocks increased marketable yields in Midwest soils, and this research will be the 
first published study on yield performance for two high-performing rootstocks. In order to aid 
small-scale producers in successful post-grafting management of tomato transplants on farm, we 
conducted a study to examine the role of heat and light management in low-input healing 
chambers. Our results demonstrated that healing chambers constructed from minimal materials 
placed in ambient greenhouse conditions, without light reduction, can still result in a high 
percentage of plant survival. Finally, to improve colored bell pepper production, we examined 
the use of 30% and 50% shade cloths placed on high tunnels. Our hypothesis was that shade 
cloth would affect yield, quality, and growth of colored bell pepper cultivars. Our findings 
indicated that the use of shade cloth above 30% should be avoided, and future work should 
examine lower levels of light reduction (10% and 20%) or alternative heat management methods. 
In summary, we demonstrated the potential of several tomato rootstocks to improve production 
while proposing a low-input method for production of on-farm grafted plants, and we were able 
to provide localized research-based recommendations for heat management within Midwest high 
tunnels. This collective body of work provides practical science-based strategies that will allow 
high tunnel growers to improve their production systems. 
 
 1 
CHAPTER 1.    GENERAL INTRODUCTION 
Background 
Tomatoes and peppers are the two top crops grown by Iowa vegetable producers 
(Enderton et al., 2017; USDA 2019a), with tomatoes now surpassing sweet corn as the vegetable 
crop that is produced on the largest number of farms within the state (Enderton et al., 2017). 
Both of these solanaceous crops benefit from high temperatures, full sun, and extended growing 
seasons (Swiader and Ware, 2002), which is why high tunnel production of both tomatoes and 
peppers has been proven beneficial and become popular (Bruce et al., 2019; Carey et al., 2009; 
Waterer, 2003). In Iowa, field production of tomatoes has decreased, while production “under 
protection” has increased, and adoption of high tunnel production may be one reason for the 
change (USDA, 2019a, 2019b). One of the best definitions of a high tunnel is given by Lamont 
(2009): 
In their purest form, high tunnels have a pipe or other framework covered by a single 
layer of greenhouse-grade 4 to 6-mil plastic and they have no electrical service, 
automated ventilation, or heating system (p. 25).  
Construction of a high tunnel involves careful consideration of the site in terms of minimal slope, 
prevailing wind patterns, history of the field, and access to resources such as water and 
electricity as the structure will have a useful life of 10-20 years (Jett, 2017). High tunnel 
structures can be one of two shapes: Quonset or gothic. A Quonset tunnel with dimensions of 9.1 
m wide x 29.3 m long x 3.7 m high is generally the most common high tunnel used in Iowa; 
however, this design does not shed snow easily and lacks a peak in the roof which makes 
installation of roof ventilation more difficult. One of the primary benefits of high tunnels is the 
reduction in foliar disease due to protection from rainfall (Lamont, 2009). Research has also 
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confirmed that high tunnels can accelerate crop production (Lamont et al., 2003), increase yield 
(Waterer, 2003), and improve fruit quality (O’Connell et al., 2012).  
As the interest for small-scale, local-market production systems continues to increase, 
high tunnels have become more prevalent in the Midwest (Carey et al., 2009). The availability of 
cost-sharing grants through the USDA NRCS Environmental Quality Incentives Program (EQIP) 
has helped many growers in the United States build a high tunnel on their farm (Bruce et al. 
2017). When the NRCS EQIP High Tunnel Initiative (HTI) began in Iowa in 2010, 25 new high 
tunnels were constructed, and 98 new high tunnels were added in 2011 (Enderton, 2017). Recent 
information on the actual number of high tunnels across the state is scarce, and the USDA 
Census of Agriculture does not currently distinguish between high tunnel and greenhouse 
production systems (USDA, 2019b). With the increased adoption of high tunnel production, 
many researchers have shifted their focus to these production systems; however, growers still 
feel overwhelmed by the task of managing these high-producing, labor intensive structures, and 
they are eager for more information on crop-specific management strategies (Bruce et al., 2019). 
For our research, we investigated the role of vegetable grafting and environment management 
inside high tunnels using shade cloths as tools to optimize production and improve crop 
management within high tunnel systems. 
Vegetable grafting of scions to vigorous rootstocks can be a tool for improving high 
tunnel production by conferring resistance to soil-borne diseases (Kubota et al., 2008), 
withstanding elevated soil salinity (Di Gioia et al., 2013; Martinez-Rodriquez et al., 2008), and 
improving water use efficiency (Suchoff et al., 2018). Two families of vegetables are being 
grafted on a commercial scale, Solanaceae and Cucurbitaceae (Bie et al., 2017). A scion is the 
top-portion of the graft which is selected for its horticultural properties while the rootstock is 
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selected for desirable soil-interaction properties (Bausher, 2013). The union of the scion and the 
rootstock takes place while the plants are in a young, vegetative growth-stage, typically between 
two and three weeks after seeding (Bie et al., 2017). Several methods exist for vegetable 
grafting, with splice grafting being the most widely used (Bie et al., 2017). Splice grafting, also 
called “tube grafting”, requires an angled cut of the rootstock below the cotyledons with the 
same angle being used on the scion. The angle of cut on the stems has been shown to impact 
graft union strength and plant survival (Bausher, 2013). Efforts to optimize grafting methods for 
both solanaceous and cucurbit crops have become a high priority in recent years (Bausher, 2013; 
Buajaila et al., 2018; Hu, 2016; Johnson and Miles, 2011; Masterson et al., 2016a; Masterson et 
al., 2016b.; Meyer et al., 2017). 
Vegetable grafting first emerged in Japan and Korea as a means to overcome soil-borne 
diseases (Lee et al., 2010), and the practice has gained interest on a larger scale in the United 
States within the last ten years (Kubota et al., 2008). The phase-out of methyl bromide as a soil-
management tool is one of the factors driving implementation of vegetable grafting globally and 
in the United States (Castella-Lorenzo et al., 2014; Kubota et al., 2008; Pizano et. al., 2010).  
Grafting research within the United States began in southern states (Djinodou, 2013; Louws et 
al., 2010), later spreading to the Pacific Northwest (Miles et al., 2015) and Central regions 
(O’Connell et al., 2012). Prior to 2015, growers in Iowa expressed interest in vegetable grafting 
and the benefits it may provide. Pairing grower interest with a call for more localized research 
(Albacete et al., 2015) led us to explore grafted tomatoes as a tool to improve high tunnel 
production of this high-value crop within the Midwest.  
To further assist high tunnel vegetable producers in Iowa in better managing the 
environment inside high tunnels, especially excessive heat, we decided to focus on the 
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management of heat-related challenges that have a detrimental effect on high tunnel bell pepper 
production (Díaz-Pérez and Smith, 2017). Excess heat can increase bell pepper flower and fruit 
abortion (Deli and Tiessen, 1969; Bosland and Votava, 2000) as well as increase the incidence of 
physiological disorders including sunscald (Barber and Sharpe, 1971) and blossom-end rot 
(BER) (Coolong et al., 2019; Olle and Bender, 2009). Collectively, flower and fruit abortion, 
sunscald, and BER are economically damaging problems for bell pepper growers of all scales 
within the United States (Bosland and Votava, 2002; Coolong et al., 2019; Day, 2010).  
Techniques to manage excess heat within high tunnels include the use of either forced or 
natural ventilation (Zheng et al., 2019), whitewash of the high tunnel (Díaz-Pérez and Smith, 
2017), and/or shade cloth (shade netting) (Díaz-Pérez and Smith, 2017; Drost and Maughan, 
2018). The use of shade cloth may be the easiest and most economical option for many small-
scale high tunnel growers (Díaz-Pérez, 2014; Drost and Maughan, 2018). 
Shade cloth is typically made of woven or knitted plastic materials such as high-density 
polyetheleye or polypropylene (Castellano et al., 2008) and comes in a variety of colors although 
black is most commonly used (Stamps, 2009).  While shade cloth is cited as a tool to manage 
excess heat and solar radiation (Stamps, 2009), the recommendations for level of light reduction 
and color of shade cloth vary. Many recent studies of shade cloth effects on production have 
occurred outside the United States (Ambrózy et al., 2016; Díaz-Pérez and Smith, 2017; Elad et 
al., 2007; Kong et al., 2013; Mashabela, 2015; Selahle, 2015) or in regions other than the 
Midwest (Day, 2010; Díaz-Pérez 2013, 2014). Furthermore, many studies are conducted in open-
field conditions (Ambrózy et al., 2016; Day, 2010; Díaz-Pérez, 2013, 2014; Kong et al., 2013), 
which makes it more difficult to predict plant performance under shade within high tunnel 
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production systems. These gaps in research related to Midwest high tunnel systems led us to 
explore the use of shade cloth for production of seven cultivars of colored bell peppers.  
 
Dissertation Organization 
The central theme of this dissertation is to examine new production practices as they 
affect tomato and pepper crop production within Midwest high tunnels. Specifically, this work 
examines (1) the use of grafted tomatoes and improvement of grafting methods, (2) shade cloth 
for heat management and crop improvement in pepper, and (3) the selection of colored bell 
pepper cultivars best-suited for high tunnel production systems. This dissertation is composed of 
an introduction chapter, four chapters written for publication in scientific, peer-reviewed 
journals, and a concluding chapter. Chapter 1 serves as a general introduction to the dissertation 
topic and provides information on the organization of this dissertation. Chapter 2 sets the 
foundation for the first controlled trial of grafted tomatoes in the state of Iowa using both a 
hybrid and heirloom tomato scion. Chapter 3 expands research on the feasibility of grafted high 
tunnel tomato production within the state, exploring eight different rootstocks as they affect plant 
growth, yield, and fruit quality of a hybrid tomato scion. Chapter 4 examines the effects of two 
levels of black light-reducing shade cloth on growth, yield, and fruit quality of seven bell pepper 
cultivars in colors including red, orange, purple, and yellow. Chapter 5 further investigates the 
feasibility of tomato grafting by examining low-input methods for healing of grafted tomato 
transplants. Chapter 6 synthesizes findings of Chapters 2 through 5, provides recommendations 
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CHAPTER 2.    EFFECT OF TOMATO ROOTSTOCK ON HYBRID AND HEIRLOOM 
TOMATO PERFORMANCE IN A MIDWEST HIGH TUNNEL PRODUCTION 
SYSTEM 
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Abstract 
High tunnels allow vegetable growers to extend the growing season, increase crop 
production, and improve produce quality. Tomatoes (Solanum lycopersicum L.) are the most 
widely grown crops in high tunnels, however, tomato production in high tunnels can be 
challenging. Continuous cropping in high tunnels can increase soil-borne disease pressure and 
can lead to soil salinity or nutrient depletion issues. Based on preliminary research, we 
hypothesized that use of the rootstock ‘RST-04-106-T’ would increase yield and quality of 
heirloom and hybrid tomato scions compared to nongrafted plants. To test this hypothesis, our 
research objectives were to assess marketable yields, fruit quality and nutritional value, and plant 
growth of grafted and nongrafted hybrid and heirloom tomatoes in a high tunnel production 
system. Grafted and nongrafted ‘Cherokee Purple’ (heirloom) and ‘Mountain Fresh Plus’ 
(hybrid) tomatoes were grown in the same high tunnel for two seasons (7 May – 20 Oct. 2015 
and 29 Apr. – 7 Oct. 2016) at the Horticulture Research Station in Ames, IA. Grafted plants 
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produced more marketable fruit, though marketable and total fruit weight did not increase. 
Individual fruit size was not affected by grafting. Across cultivars, mean soluble solids content 
(SSC) in fruit was 0.3 ⁰Brix lower in grafted plants as compared to the nongrafted control. 
Grafting did not affect lycopene content of fruit. Grafting increased stem diameter by an average 
of 0.8 mm, but overall plant biomass was unaffected. The effect of grafting on leaf chlorophyll 
concentration (SPAD readings) was mixed. In addition, grafting increased leaf chlorophyll 
concentration in ‘Cherokee Purple’ but decreased it in ‘Mountain Fresh Plus’ plants. Grafting is 
a valuable tool in tomato production, but the impact of ‘RST-04-106-T’ rootstock use appears to 
be specific to certain soil types with high incidence of Bacterial wilt. 
 
Introduction 
The tomato (Solanum lycopersicum L.) is the fifth most important crop in Iowa vegetable 
production, and while the majority of tomatoes in Iowa are produced in open fields, the number 
of farms producing tomatoes under protection rose from 90 to 184 farms between 2007 and 2012 
(USDA, 2014). A high tunnel is a solar-heated, passively ventilated, plastic-covered structure 
that lengthens the growing season for high-value specialty crops (Jett, 2017). In some parts of the 
world, high tunnels shield crops from rainfall in order to reduce the incidence of foliar diseases 
(Lamont, 2009). Research has also confirmed that high tunnels can accelerate crop production 
(Lamont et al., 2003), increase yield (Waterer, 2003), and improve fruit quality (O’Connell et al., 
2012). Still, adoption of high tunnel use had been slow in the United States until the 
implementation of the seasonal High Tunnel Initiative (HTI) in 2009 through the Natural 
Resources Conservation Service’s (NRCS) Environmental Quality Incentives Program (EQIP) 
(Bruce et al., 2017; Carey et al., 2009). Driven by an interest in small-scale, local-market 
production systems and the cost share benefits provided by the NRCS EQIP HTI, high tunnel 
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construction and use has increased substantially in the last ten years (Bruce et al., 2017; Carey et 
al., 2009). Despite the benefits, high tunnel systems raise concerns about soil salinity (Knewtson 
et al., 2010), fertility management (Reeve and Drost, 2012), soil-borne disease pressure (Kubota 
et al. 2008), and the need for increased irrigation inputs in the absence of rainfall (Lamont et al., 
2003).  
Grafting scions to vigorous rootstocks is one way to overcome many of the 
aforementioned issues related to high tunnel production (Kubota et al., 2008; Lee et al., 2010). 
Vegetable grafting first emerged in Japan and Korea to overcome soil-borne diseases (Lee et al., 
2010), and the practice has gained interest on a larger scale in the United States within the last 
ten years (Kubota et al., 2008). Researchers have demonstrated the benefits of grafting, but 
within the United States and Canada, breeding and selection of new tomato rootstocks is limited 
as compared to other countries (King et al., 2010).   
Perhaps the most impactful result of grafting tomatoes is greater resistance to soil-borne 
pests such as root-knot nematode (Barrett et al., 2012a), Verticillium wilt (Liu et al., 2009; Buller 
et al., 2013), Fusarium crown and root-rot (Vitale et al., 2014), and bacterial wilt (McAvoy et al., 
2012). Specific rootstocks need to be developed, researched, and utilized for these and other 
biotic pressures (Guan et al., 2012; Louws et al., 2010). Grafting also has been used to overcome 
abiotic factors including organic pollutants (Schwarz et al., 2010) and suboptimal temperatures 
(Schwarz et al., 2010; Ntatsi et al., 2014). Scion–rootstock interactions can influence plant 
response to both drought and flooding (Schwarz et al., 2010; Nilsen et al., 2014; Bhatt et al., 
2015; Sanchez-Rodriguez et al., 2012).  
Two areas of debate in relation to grafting are the influence of grafted rootstocks on soil 
nutrient interactions and the rootstock effects on scion fruit quality. Grafting may alter plant 
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nutrient interactions, usually by decreasing the external inputs required for the system (Djidonou 
et al., 2015; Djidonou et al., 2013; Leonardi and Gluffrida, 2006; Schwarz et al., 2013). 
However, whether grafting can overcome soil salinity and fertilizer build-up issues is unclear 
(Borgognone et al., 2013; Asins et al., 2015; Fan et al., 2011). Some have reported a benefit of 
vegetable grafting is the potential to increase fruit quality (Flores et al., 2010), while others 
indicate the results are inconclusive (Barrett et al., 2012b; Nicoletto et al., 2013; Rouphael et al., 
2010). 
Given the high monetary inputs required for vegetable grafting (labor, tools, seed, and 
space), one must consider the economic return of a crop produced with grafted plants. Several 
studies have shown that the cost of grafting can be offset by combating pest pressure (Barrett et 
al., 2012a), increasing overall yield at a certain threshold (Rysin and Louws, 2015), and 
improving fruit quality to allow for premium product pricing (Rysin et al., 2015). Furthermore, 
the use of grafted plants has potential economic benefits, but each situational outcome is 
dependent on a variety of factors (Barrett et al., 2012a; Rysin and Louws, 2015; Rysin et al., 
2015; Lewis et al., 2014).  
Although there have been several studies reported that demonstrate the impacts of 
vegetable grafting, the need for localized research is still high (Kubota et al., 2008). During the 
4th National Vegetable Grafting Symposium in Grand Rapids, MI, a call to action urged 
researchers to continue exploring scion–rootstock interactions in response to regional production 
issues (M. Kleinhenz and C. Rivard, Personal communication, 7 Dec. 2015). Growers within 
Iowa have expressed interest in vegetable grafting and exploring benefits it may provide. Pairing 
localized interest with a national call for research encouraged us to explore grafting as a 
mechanism to improve high tunnel production of this high-value crop within the Midwest. High 
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tunnel production issues, such as soil borne diseases, are less prevalent in Iowa as reported by 
farmers, likely due to the short history of high tunnel tomato production in the state, as compared 
to surrounding states (Enderton et al., 2017; J. Hannan, Personal communication, 5 Nov. 2018). 
However, high tunnel tomato production is increasing, and improvements in tomato yield or fruit 
quality because of grafting could have an important economic impact for local growers 
(Enderton et al., 2017).  
The tomato rootstock ‘RST-04-106-T’ was selected for this study based on a preliminary 
trial conducted in Ames and Atlantic, IA in 2014 as ‘Mountain Fresh Plus’ grafted to ‘RST-04-
106-T’ showed significantly higher yield than the nongrafted treatment (A. Nair, unpublished 
data). We hypothesized that use of the rootstock ‘RST-04-106-T’ would increase yield and 
quality of heirloom and hybrid tomatoes compared to nongrafted plants. The objective of this 
research was to test the effects of grafting with a hybrid cultivar and an heirloom tomato cultivar 
and compare these to two nongrafted controls. We examined differences among treatments for 
total and marketable fruit yields, fruit quality and nutritional value, and plant growth and vigor. 
 
Materials and Methods 
Site description 
Trials were conducted in 2015 and 2016 in a 9.1 x 3.7 x 29.3 m. ClearSpan™ high tunnel 
covered with 6 mm thick polyethylene film (Farmtek®, Dyersville, IA) at the Iowa State 
University Horticulture Research Station in Ames, Iowa. The high tunnel was equipped with 
motorized roll-up sides set to open when the temperature at 1 m above the soil reached 26.7°C as 
read by a sensor attached to a thermostat control panel (Posi-Clasp Roll-Lock; Model #VCU1; 
Advancing Alternatives, Lancaster, PA). The same high tunnel was used for both seasons and 
had previously been used to grow sweet corn (Zea mays var. saccharata var. rugose) (2015) and 
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tomatoes and cover crop (2014). The soil within the high tunnel was a Clarion loam with 2.4% 
organic matter as indicated by a soil test collected on 7 May 2015 and submitted to a local soil-
testing facility (Solum, Ames, IA). Irrigation water was pumped from a pond located at the 
research station. No symptoms of abiotic or biotic diseases were observed on plant material in 
either season with the exception of leaf mold (Passalora fulva) in 2015 that was first observed on 
21 Aug. in ‘Mountain Fresh Plus’ and observed on 18 Sept. in ‘Cherokee Purple’. The presence 
of leaf mold was ubiquitous across grafted and nongrafted plants. 
 
Experimental design 
The experimental design was a randomized complete block with four replications each 
running the length of the high tunnel. There were 1.5 m between rows and 1.8 m between plots 
within replications. Each treatment plot was 4.6 m in length with 10 plants spaced at 0.46 m 
within rows. A guard row of sweet alyssum (Lobularia maritima) was planted on both sides of 
the high tunnel to attract hoverflies (Syrphidae) and serve as a biological control measure 
(Brennan, 2013). Treatments included two cultivars (‘Cherokee Purple’ or ‘Mountain Fresh 
Plus’) and combinations of the cultivars as grafted and nongrafted plants. The rootstock used was 
‘RST-04-106-T’ (DP Seeds, Yuma, AZ), a hybrid rootstock bred for resistance to Ralstonia 
solanacearum, Fusarium, and Tomato mosaic virus (ToMV). 
 
Transplant production 
Seeds of ‘RST-04-106-T’, ‘Mountain Fresh Plus’ (Johnny’s Selected Seeds, Winslow, 
ME), and ‘Cherokee Purple’ (Johnny’s Selected Seeds, Winslow, ME), were sown in 98-cell 
propagation trays in 2015, and in 288-cell propagation trays which were later transplanted to 72-
cell trays (scion) and 606-cell packs (rootstock) in 2016. Trays were filled with a soilless potting 
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mix (Metro Mix 360; Sun Gro Horticulture, Agawam, MA). Tomatoes were seeded on 19 Mar. 
2015 and 11 Mar. 2016 and grown in a greenhouse maintained at 20-22°C from 0600 to 2200 
HR and 17-19°C from 2200 to 0600 HR. Supplemental irradiance was provided during 0600 to 
2200 HR with 1000 watt, high-pressure sodium lamps.  
Three weeks after seeding, seedlings were grafted using the splice grafting method on 8 
Apr. 2015 and 1 Apr. 2016 (Lee et al., 2010). The rootstock stem was cut at a 45 degree angle 
below the cotyledon (seed leaf). The scion stem was cut at the same angle above the cotyledon. 
No true leaves were trimmed or removed from any of the grafted plants. The two stems were 
joined together and held in place with a 2 mm silicon grafting clip (Johnny’s Selected Seeds, 
Winslow, ME). The transplants were then placed in a high humidity (80-95%) healing chamber 
constructed of PVC pipe and clear polyethylene plastic. The temperature within the healing 
chamber averaged 24⁰ C. Irradiance was blocked from the chamber with black plastic for 2 d 
post-grafting. After two days, the black plastic was removed from healing chamber while plants 
remained inside.  
One week after grafting, all plants were removed from the healing chamber and 
acclimated to ambient greenhouse conditions. Plants were watered as needed and fertilized seven 
times (10, 13, 15, 17, 41, 42, and 44 days after seeding) each season using a water-soluble 
fertilizer (15-5-15 Peters Excel® Multi-Purpose and Cal-Mag; Everris International, 
Geldermalsen, The Netherlands) with N at 150 mg.L-1 concentration. 
 
Field management 
Tomatoes were transplanted by hand into the high tunnel on 7 May 2015 and 29 Apr. 
2016. ‘Mountain Fresh Plus’ tomatoes were grown with a stake and weave support system. 
‘Cherokee Purple’ tomatoes were grown as a single leader using lower and lean trellis technique 
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supported on Rollerhook® (Johnny’s Selected Seeds, Winslow, ME) attached support wire 
suspended 2 m above the soil. Irrigation was applied to provide 198,642 L/ha per week split into 
two applications. The entire high tunnel was mulched to a depth of 15 cm with switchgrass 
(Panicum virgatum). On 27 July 2015 and 9 June 2016 a 50% shade cloth (Nolt’s Midwest 
Produce Supplies, Charles City, IA) was placed over the top of the high tunnel to reduce 
irradiance and to moderate temperature. 
 
Total and marketable fruit yield 
Harvest took place 10 times from 22 July – 12 Oct. 2015 and 14 times from 6 July – 3 
Oct. 2016. Fruit of ‘Mountain Fresh Plus’ were harvested at the breaker stage of ripeness and 
were graded following the USDA size standard (U.S. Department of Agriculture. 1991a., 
§51.1859).  Fruit categorized as ‘non-marketable’ included fruit 5.7 cm and smaller as well as 
fruit with major surface defects, insect feeding, and disease damage. ‘Cherokee Purple’ tomatoes 
were harvested at the pink to red stages according to the USDA maturity standards (U.S. 
Department of Agriculture. 1991b., §51.1860). Fruit were graded visually to determine 
marketability. Non-marketable fruit of ‘Cherokee Purple’ were sorted into categories based on 
fruit cracking, sunscald, scab as a result of cat-facing, severely misshapen fruit, and insect 
damage. Fruit count and weight were recorded for all categories of fruit. 
 
Fruit quality and nutritional value 
Post-harvest fruit quality was determined by collecting multiple fruit samples of evenly 
ripened marketable fruit at the red stage for analysis during both years (U.S. Department of 
Agriculture. 1991b., §51.1860). Fruit were collected on 18 Sep. 2015 and 22 Aug. 2016 and held 
at room temperature (21 °C) for 4 d. On day five, one whole fruit from each sample was selected 
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for analysis of SSC. Each sample was blended in a food processor (Spectrum Brands Inc. Model 
#FP1700B), strained through six layers of cheesecloth into a clean weight boat and 1 ml of the 
extract was transferred to a digital refractometer (Pocket Pal-1 refractometer; Atago, Tokyo, 
Japan). Three 1 ml. sub-samples from each fruit were analyzed.  
Fruit samples for density and firmness were harvested on 18 Sep. 2015 and 5 Sep. 2016. 
Samples were held at 21°C in a research lab for 4 d. Five evenly ripened fruit samples per plot 
were used (selected from grade one marketable fruit) to measure density via a water-
displacement method where a container of water was filled to a pre-determined water level 
(Ngouajio et al., 2003). Tubing attached to the container allowed water that was displaced by 
each tomato to be collected in a graduated cylinder. Displacement took place for each fruit 
individually to determine fruit volume which was compared to fruit weight to calculate density. 
After each displacement, sample water was added back into the container to restore the level. On 
9 Sep. 2016, a penetrometer (Ballauf Devices, Model 30B, Derwood, MD) was used on 
marketable fruit to measure firmness. Two measurements were taken equatorially, 180° apart on 
five uncut fruit per treatment. Data were not collected on firmness in 2015.  
In 2016, several fruits in each treatment were tagged at breaker stage and harvested 7 d 
later on 9 Sept. for lycopene analysis (Taber et al., 2008). One Grade-1 marketable fruit from 
each treatment was utilized for analysis. Using each whole tomato fruit, two equatorial cuts were 
made resulting in a slice approximately 1.5 cm wide. Additional tomato flesh was removed until 
the sample weight of 100 g was reached. Weighed samples were individually bagged and stored 
at -80⁰C until extraction on 30 Sept. Samples were used for supernatant extraction as follows: 
Each samples was blended in a food processor (Spectrum Brands Inc. Model #FP1700B ) with 
300 ml 95% ethyl alcohol for 2 min and then transferred to a 500 ml Nalgene bottle (Cole-
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Palmer, Vernon Hills, IL). The food processor was rinsed with an additional 50 ml 95% ethyl 
alcohol for a total of 350 ml 95% ethyl alcohol. Samples (tomato plus ethyl alcohol) were 
centrifuged at 10,000 rpm for 10 min at 4⁰C (Sorvall RC-5C Plus Superspeed Centrifuge, Kendro 
Laboratory Products). After centrifuging, the supernatant was collected and exact volume 
measured. The collected supernatant was used to determine lycopene content using the MTT 
Assay analysis method as explained in Liu and Nair (2010). 
 
Plant growth and vigor 
During peak production (28 Aug. 2015 and 20 Aug. 2016), an indirect estimate of leaf 
chlorophyll concentration was measured with a SPAD-502 Plus chlorophyll meter (Konica 
Minolta Sensing America Inc., Ramsey, NJ). Five readings were taken on the first fully 
developed leaf of a plant and averaged; this was repeated on five representative plants per plot. 
Research plots were terminated on 20 Oct. 2015 and 7 Oct. 2016 when plant height and stem 
diameter were collected and whole plants were sampled destructively for biomass. Before 
biomass collection, five representative plants per plot were measured for stem diameter at a point 
15 cm above the soil surface. End-of-season plant height was taken from the same five plants 
that were used to determine stem diameter. Height was measured from the soil to the terminal 
growing point. Due to frost damage on plants in 2015, plant height data are only reported for 
2016. Three plants from each plot were collected to determine biomass by gathering all shoot 
tissue and digging a 45 cm circumference hole to collect a uniform root sample. Roots and 





Analysis of variance (ANOVA) was conducted with the GLIMMIX procedure in SAS 
(version 9.4; SAS Institute, Cary, NC) to determine the fixed effects of year, cultivar and 
grafting (and interactions) on yield, SSC, density, firmness, lycopene content, plant biomass, 
stem diameter, plant height, and estimated leaf chlorophyll content. Block and all interactions 
with block were random factors in all analyses. Means were separated according to Fisher’s least 
significant difference test (P ≤ 0.05) using the “lsmeans” function. 
 
Results 
Total and marketable fruit yield 
Mean total weight of marketable fruit was similar for grafted and nongrafted plants 
(Table 2.1), though ‘Mountain Fresh Plus’ out-yielded ‘Cherokee Purple’ by 247% (P < 0.0001). 
Yields from ‘Mountain Fresh Plus’ were reduced by an average of 38% in 2016 as compared to 
2015. Mean total number of marketable fruit was increased by 16,200 per hectare by grafting 
when data were pooled across years (P = 0.040) (Table 2.1). Mean total fruit from grafted plants 
was 24,675 more per hectare than from nongrafted plants (P = 0.021). Grafting had no effect on 
individual fruit size (Table 2.1). ‘Cherokee Purple’ fruit were 18% heavier than fruit from 
‘Mountain Fresh Plus’ (P < 0.0001) when averaged across year and graft treatment. Grafting 
with ‘RST-04-106-T’ did not influence percentage of marketable fruit by either weight or 
number in either year (Table 2.1). 
 
Fruit quality and nutritional value 
Mean SSC in fruit from grafted plants was 0.3 degrees lower than in fruit from 
nongrafted plants across years (P = 0.04) (Table 2.2). There were no differences in SSC within 
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years except for an average increase of 0.9 degrees in fruit of ‘Mountain Fresh Plus’ from 
nongrafted plants versus grafted plants in 2015. SSC in fruit from ‘Cherokee Purple’ were an 
average 0.3 degrees greater than in fruit from ‘Mountain Fresh Plus’ (P = 0.003). There was an 
interaction between grafting and year (P = 0.006). Fruit collected from nongrafted plants in 2015 
had an average SSC of 5.4 degrees compared to 4.8 degrees in 2016 across cultivars. Fruit from 
grafted plants averaged 4.8 degrees in both years across cultivars (Table 2.2). 
No differences were found in fruit density within or across years (Table 2.2). Firmness of 
fruit was unaffected by grafting (Table 2.2). Fruit from ‘Mountain Fresh Plus’ withstood an 
average of 0.6 kilograms more force than fruit from ‘Cherokee Purple’. Grafting had no effect on 
fruit lycopene content as determined by absorbance at 570 nm (data not shown); however there 
were differences between cultivars. Mean absorbance for fruit samples was higher for ‘Cherokee 
Purple’ by 0.0171 points as compared to ‘Mountain Fresh Plus’ (P = 0.004). 
 
Plant growth and vigor 
‘RST-04-106-T’ rootstock did not increase shoot biomass (Table 2.3). Root biomass was 
similar for ‘Cherokee Purple’, ‘Mountain Fresh Plus’, and the hybrid rootstock. Both shoot and 
root biomass were greater for ‘Mountain Fresh Plus’ than for ‘Cherokee Purple’ (P < 0.0001). 
The average diameter of the scion stem was 0.8 mm greater for plants grafted to ‘RST-04-106-T’ 
than for nongrafted plants (P = 0.005) (Table 2.3). Stem width of ‘Cherokee Purple’ and 
‘Mountain Fresh Plus’ did not differ. Plant height was equal between grafted and nongrafted 
plants in 2016 (Table 2.3). Grafted and nongrafted plants had similar estimated leaf chlorophyll 
content; however, there was a mild interaction between cultivar and grafting (P = 0.05) (Table 
2.3).  Grafted plants of ‘Cherokee Purple’ had a mean SPAD reading 1.1 points higher than that 
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of nongrafted plants, but grafted plants of ‘Mountain Fresh Plus’ mean SPAD reading was 1.5 
points lower than that of nongrafted plants. 
 
Discussion 
As the use of grafted tomatoes increases in the United States it is valuable to explore this 
production technique for Midwest growers. Our results suggest that the rootstock used in the 
study, ‘RST-04-106-T’, provided only marginal yield benefits with reduction in fruit total SSC, 
and no improvement in plant vigor. The lack of a more significant response in yield may have 
been due to the absence of soil-borne pathogens within the high tunnel site during both growing 
seasons. With growing conditions that were not severely impacted by disease, salinity, or 
nutrient deficiency the rootstock, ‘RST-04-106-T’, did not outperform nongrafted plants. 
Research examining the rootstock ‘RST-04-106-T’ has been somewhat limited, and has 
largely focused on performance in conditions where disease is present (Kunwar et al., 2015; 
McAvoy et al., 2012). McAvoy et al. (2012) found that plants grafted to ‘RST-04-106-T’ did 
have a lower disease incidence and higher yields in fields naturally infested with Ralstonia 
solanacearum when compared to nongrafted and self-grafted controls, but this trend was only 
found in one of the two years examined. Kunwar et al. (2015) found that the use of ‘RST-04-
106-T’ reduced the incidence of root gall in conditions where root-knot nematodes (Meloidogyne 
incognita) were present, but this did not significantly increase yield over nongrafted controls. 
These two studies point out that, even in the presence of soil-borne disease, ‘RST-04-106-T’ may 
not be the best choice. 
Work conducted by Meyer (2016) in Midwest field trials found that ‘RST-04-106-T’ 
performance did not exceed that of nongrafted plants across three field sites during 2013 and 
2014. In one case, marketable yield (weight) was actually less than that from nongrafted plants. 
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The work of Meyer (2016) also found no increase in fruit size because of grafting with ‘RST-04-
106-T’, which aligns with our findings.   
Our results showed that the use of ‘RST-04-106-T’ did not significantly increase plant 
vigor with the exception of an increase in stem diameter. This aligns with Meyer (2016) who 
found no increase in plant biomass with shoots collected from plants grafted to ‘RST-04-106-T’. 
Alternative rootstocks have been shown to increase plant vigor in environments where soil 
pathogens are present. For example, Buller et al. (2013) found that stem diameter of ‘Cherokee 
Purple’ was larger for plants grafted to the rootstock ‘Maxifort’ in a soil infested with 
Verticillium wilt although the disease itself did not affect the plants. Plant height of ‘Cherokee 
Purple’ was larger for plants grafted to the rootstock ‘Beaufort’. Barrett et al. (2012a) found an 
increase in plant biomass for two different heirloom tomato cultivars grafted to ‘Multifort’ 
rootstock grown in soil infested with Root knot nematode, but this only occurred in 1 of 2 years 
in each case. 
Our work found a decrease in SSC in fruit from grafted plants which contradicts the work 
of Buller et al. (2013) who found no effect of grafting on SSC in ‘Cherokee Purple’. The key 
difference here being the rootstock types, ‘RST-04-106-T’ in our study and ‘Beaufort’ and 
‘Maxifort’ used by Buller et al. (2013). Their study found no increase in fruit firmness or 
lycopene content due to the use of grafting which is consistent with our findings.    
From an economic standpoint, grafting with the rootstock ‘RST-04-106-T’ might not be 
justifiable. Rysin and Louws (2015) found in their economic analysis comparing grafted and 
nongrafted systems that a 35% increase in marketable fruit weight would be needed to reach a 
break-even point. Our work found a 20.5% increase in weight of ‘Cherokee Purple’ and only a 
2.6% increase in marketable weight of ‘Mountain Fresh Plus’. These data do show a potential 
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discrepancy between the effects of grafting on heirloom versus hybrid tomatoes. Overall, our 
work is limited in scope to a critique of ‘RST-04-106-T’ and alternative rootstocks should be 
utilized within our system to draw further conclusions. In addition, cost associated with using 




While proven to succeed in soils infested with bacterial wilt, ‘RST-04-106-T’ does not 
appear to be a viable rootstock to use when growing grafted tomatoes in the absence of soil-
borne disease pressure. The marginal increase in yield would not be enough to offset the 
increased cost of using grafted plants. In addition, when considering the detrimental effects on 
fruit quality and the lack of increased plant vigor across multiple parameters, there is no 
additional evidence to support the use of this rootstock in a field without a history of production 
challenges. However, research conducted at several land grant universities in the United States 
have advanced the science and application of grafting in vegetable crop production. Growers 
now have access to advanced high performing rootstocks that address a wide array of production 
challenges. Based on our findings, alternative rootstocks should be used in Midwest high tunnels, 
and additional, localized trials that meet the needs of regional production challenges should 
continue. To move the grafting industry forward future research should expand scion-rootstock 
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Table 2.1. Mean marketable fruit (weight and count), total fruit (weight and count), and marketability of grafted and nongrafted ‘Cherokee Purple’ and ‘Mountain Fresh Plus’ 
tomatoes grown 7 May – 20 Oct. 2015 and 29 Apr. – 7 Oct. 016 in a high tunnel at the Iowa State University Horticulture Research Station, Ames, IA. Data were collected 
from 10 plants in each treatment over a period of 10 harvests in 2015 and 14 harvests in 2016. 




No. of fruit 
(no ha-1 x 1000) 




No. of fruit 
(no ha-1 x 1000) 
Avg fruit wt 




‘Cherokee Purple’ Grafted     35.2 by 118.7 b   295.7 ab    67.5 b 219.3 c   306.0 ab    52.3 bc 54.0 c 
 Nongrafted   29.7 b   97.8 b 308.4 a    64.7 b 203.9 c 319.9 a  45.8 c 47.3 c 
‘Mountain Fresh Plus’ Grafted 103.5 a 380.0 a 272.2 b  121.9 a 482.9 a 252.7 c  84.8 a 78.8 b 
 Nongrafted 102.4 a 352.0 a   292.0 ab  115.4 a 416.1 b   279.1 bc  89.0 a   85.0 ab 
2016 
‘Cherokee Purple’ Grafted 37.1 b 120.8 b 302.7 a    65.3 ab 219.7 b 295.3 a  55.5 b 53.8 b 
 Nongrafted 30.3 b   99.2 b 306.8 a  53.8 b 188.8 b   284.4 ab  56.0 b 52.0 b 
‘Mountain Fresh Plus’ Grafted 65.2 a 268.9 a   242.3 bc  70.6 a 295.2 a   238.8 cd  92.5 a 91.3 a 
 Nongrafted 62.0 a 274.3 a 224.7 c  69.5 a 309.6 a 223.2 d  89.5 a 88.5 a 
Significance 
 Cultivar (C)  <0.0001x <0.0001 <0.0001  <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 
 Graft (G)  0.117 0.040 0.560  0.063 0.021 0.677  0.565 0.472 
 Year (Y)  0.022 0.071 0.115  0.017 0.027 0.083  0.052 0.043 
 C x G  0.440 0.502 0.653  0.544 0.878 0.814  0.382 0.095 
 Y x G  0.749 0.272 0.166  0.768 0.110 0.056  0.976 0.564 
zRootstock ‘RST-04-106-T’ was used for grafted treatments. 
yMean separation (within years in columns) based on Fisher’s least significant differences at P ≤ 0.05. 






Table 2.2. Soluble solids content (SSC), density, and firmness of grafted and 
nongrafted ‘Cherokee Purple’ and ‘Mountain Fresh Plus’ tomatoes grown in a high 
tunnel during 2015 and 2016 at the Iowa State University Horticulture Research 
Station in Ames, IA. 






‘Cherokee Purple’ Grafted    5.1 abx 1.022 - 
 Nongrafted 5.3 a 1.080 - 
‘Mountain Fresh Plus’ Grafted 4.5 c 1.013 - 
 Nongrafted 5.4 a 1.096 - 
2016 
‘Cherokee Purple’ Grafted 5.0 b 1.003   2.4 ab 
 Nongrafted   5.1 ab 0.957 1.8 b 
‘Mountain Fresh Plus’ Grafted   4.7 bc 1.072 2.8 a 
 Nongrafted 4.5 c 1.047 2.6 a 
Significance 
 Cultivar (C)    0.003w 0.204 0.017 
 Graft (G)  0.036 0.580 0.088 
 Year (Y)  0.074 0.393 - 
 C x G  0.508 0.725 0.424 
 Y x G  0.006 0.112 - 
zRootstock ‘RST-04-106-T’ was used for grafted treatments. 
ykgf = kilogram-force. 
xMean separation (within years in columns) based on Fisher’s least significant 
differences at P ≤ 0.05. 









Table 2.3. Shoot and root biomass, stem diameter, plant height, and estimated leaf chlorophyll content of grafted and 
nongrafted ‘Cherokee Purple’ and ‘Mountain Fresh Plus’ tomatoes grown in 2015 and 2016 in a high tunnel at the 















‘Cherokee Purple’ Grafted  111.7 by   5.8 c 15.4 a -   44.4 bc 
 Nongrafted 115.6 b   5.8 c   14.7 ab -   43.4 bc 
‘Mountain Fresh Plus’ Grafted 339.8 a 14.9 a   15.2 ab -   45.7 ab 
 Nongrafted 346.2 a   12.9 ab 14.3 b - 47.0 a 
2016 
‘Cherokee Purple’ Grafted 154.6 b    8.0 b 15.1 278.0 a   44.0 cd 
 Nongrafted 145.2 b    7.5 b 14.4 259.2 a 42.8 d 
‘Mountain Fresh Plus’ Grafted 338.8 a 11.6 a 15.2 143.0 b   47.9 ab 
 Nongrafted 334.0 a 10.9 a 14.3 145.6 b 49.5 a 
Significance 
 Cultivar (C)  <0.0001x <0.0001 0.556 <0.0001 <0.0001 
 Graft (G)  0.975 0.162 0.005 0.551 0.725 
 Year (Y)  0.467 0.570 0.689 - 0.168 
 C x G  0.838 0.340 0.708 0.437 0.047 
 Y x G  0.773 0.719 0.978 - 0.958 
z Rootstock ‘RST-04-106-T’ was used for grafted treatments. 
yMean separation (within years in columns) based on Fisher’s least significant differences at P ≤ 0.05. 
xP values based on F test. 
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Abstract 
Prior work in a Midwestern United States high tunnel indicated that tomatoes grafted to 
hybrid rootstock ‘RST-04-106-T’ had a minimal yield increase in the absence of soil-borne 
disease pressure, which underscored the need for continued regional trials of alternative, 
commercially available tomato rootstocks. Objectives of the present study were to assess 
marketable yield, fruit quality [pH, soluble solids content (SSC), total titratable acids (TTA), and 
firmness], and plant growth characteristics (SPAD, plant height, stem diameter, petiole-sap, and 
biomass) of eight different hybrid tomato rootstocks compared to self-grafted and nongrafted 
controls. ‘BHN 589’, a determinate hybrid tomato, was grafted to ‘Arnold’, ‘Beaufort’, 
‘DRO141TX’, ‘Estamino’,’ Maxifort’,’ RST-04-106-T’, and two trial rootstocks, ‘946 TRS’ and 
‘980 TRS’. Research was conducted Apr. to Sept. in 2017 and 2018 in a 9.1 m wide × 29.2 m 
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long x 3.7 m tall single-poly high tunnel located at the Iowa State University Horticulture 
Research Station, Ames, IA. There were five plants per plot in a randomized complete block 
design with five replications. Weekly harvests took place 13 times each season. ‘BHN 589’ 
grafted to ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, or ‘Maxifort’ had 30 to 119% more 
marketable fruit and had a higher marketable fruit weight by 1.3 to 4.1 kg per plant compared to 
nongrafted plants. Fruit quality differences were minimal in 2017 and null in 2018 as indicated 
by fruit pH, SSC, TTA, and the SSC:TTA ratio. The same five high-yielding rootstock 
treatments were the tallest ranging from 184 to 214 cm in height. In 2017, shoot biomass of 
‘BHN 589’ grafted to ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ was 59 to 
100 g more than that of nongrafted plants; in 2018, ‘BHN 589’ grafted to ‘Maxifort’ and 
‘DRO141TX’ had the largest shoot biomass at 386 and 315 g, respectively. Overall, the results 
of this study indicate that ‘Arnold’, ‘DRO141TX’, and ‘Estamino’ may be comparable in 
performance to the widely used rootstocks ‘Beaufort’, and ‘Maxifort’. Our results provide 
promising new options for Midwestern United States growers of high tunnel tomatoes who are 
seeking high-performing rootstocks. 
 
Introduction 
The number of farms growing tomatoes under protection in Iowa increased by 32% 
between 2012 and 2017 (USDA, 2019a), while open-field production of tomatoes has decreased 
(USDA, 2019b). The shift away from open field production of tomatoes can be attributed, in 
part, to the increased popularity of high tunnel production systems driven by the implementation 
of the seasonal High Tunnel Initiative (HTI) in 2009 through the Natural Resources 
Conservation Service’s (NRCS) Environmental Quality Incentives Program (EQIP) (Bruce et al., 
2017; Carey et al., 2009; Enderton et al., 2017). A high tunnel is a solar-heated, passively 
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ventilated, plastic-covered structure that lengthens the growing season for high-value specialty 
crops (Jett, 2017; Lamont, 2009).  
High tunnels are an important tool to extend the growing season (Lamont, 2009; Reeve 
and Drost, 2012), accelerate crop growth (Gent, 1992; O’Connell et al., 2012), increase yield 
(Waterer, 2003), reduce foliar diseases (Lamont, 2009), and improve fruit quality (O’Connell et 
al., 2012). High tunnel tomato production can greatly increase crop profitability compared to 
open-field production (Galinato and Miles, 2013; Sydorvych et al., 2013), which improves 
overall economic stability of farms (Bruce et al., 2017). However, growers continue to struggle 
with management challenges in high tunnels (Bruce et al., 2019). In addition to grower concerns 
about labor, marketing, and learning a new management system (Bruce et al., 2019), crops 
within high tunnels are afflicted by increased soil salinity (Knewtson et al., 2010), changes in 
fertility management (Reeve and Drost, 2012), and increased soil-borne disease pressure (Kubota 
et al. 2008) compared to field production. While crop rotation could aid in mitigating some of 
these issues, continuous cropping of tomatoes in high tunnels remains common practice as 
growers seek to maximize their return on investment (Bruce et al., 2019). Due to concerns about 
increased risks associated with continuous tomato cropping,, vegetative grafting of tomatoes has 
become an important tool for high tunnel production (Albacete et al., 2015; Kubota et al., 2008; 
Lee et al., 2010; Loewen, 2018; Louws et al. 2010; Meyer, 2016). 
Vegetable grafting first emerged in Japan and Korea to overcome soil-borne diseases 
(Lee et al., 2010), and the practice has been adopted on a larger scale in the United States within 
the last decade (Kubota et al., 2008). Grafting has been shown to increase farm profitability by 
mitigating disease and pest pressure (Barrett et al., 2012a), increasing overall yield (Rysin and 
Louws, 2015), and improving fruit quality to allow for premium product pricing (Rysin et al., 
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2015). However, the economic viability of using grafted plants is greatly affected by rootstock 
selection, sourcing decisions (buy grafted plants or graft on-farm), and management regime 
(Rysin and Louws, 2015; Rysin et al., 2015; Lewis et al., 2014; Rivard et al., 2010).   
Yield increases have been shown in grafted tomatoes in high tunnel conditions (Djidonou 
et al., 2013; Loewen, 2018; Masterson, 2013; Meyer, 2016; O’Connell, 2013). Grafted tomatoes 
have been shown to have greater resistance to several soil-borne diseases including root-knot 
nematode (Barrett et al., 2012), Verticillium wilt (Liu et al., 2009; Buller et al., 2013), Fusarium 
crown and root rot (Vitale et al., 2014), and bacterial wilt (McAvoy et al., 2012). Grafting also 
has been used to minimize abiotic stresses including organic pollutants (Schwarz et al., 2010), 
suboptimal temperatures (Schwarz et al., 2010; Ntatsi et al., 2014; Suchoff et al., 2018a),  
drought conditions (Schwarz et al., 2010; Nilsen et al., 2014; Bhatt et al., 2015), and improve 
water use efficiency (Suchoff et al., 2018b). Grafting may decrease plants’ nutrient needs 
(Djidonou et al., 2013; Djidonou et al., 2015; Leonardi and Gluffrida, 2006; Schwarz et al., 
2013), and aid plants in overcoming salinity stress (Di Gioia et al., 2013; Martinez-Rodriquez et 
al., 2008). However, a recent meta-analysis by Grieneisen et al. (2018) found that grafting 
increased marketable yield in only 35% of the studies they reviewed. Kubota et al. (2008) first 
emphasized the importance of localized rootstock trials to assess the feasibility of vegetable 
grafting, and the importance of conducting local trials was affirmed recently (Albacete et al., 
2015; Grieneisen et al., 2018).  
In Iowa, the rootstock ‘RST-04-106-T’ grafted to both a hybrid and heirloom tomato 
grown under high tunnels conditions provided only marginal yield increases, reduced fruit 
quality, and had similar plant vigor when compared to a nongrafted control (Lang and Nair, 
2019). In contrast, McAvoy et al. (2012) found that ‘RST-04-106-T’ had lower disease incidence 
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and higher yield in soils naturally infested with the bacterial wilt pathogen Ralstonia 
solanacearum when compared to nongrafted and self-grafted controls in one of two study years. 
Kunwar et al. (2015) found that the use of ‘RST-04-106-T’ reduced the incidence of root gall in 
conditions where root-knot nematodes (Meloidogyne incognita) were present, but this did not 
increase yield over nongrafted controls. These two studies point out that even in the presence of 
soil-borne disease, ‘RST-04-106-T’ may be outperformed by other rootstocks such as ‘Maxifort,’ 
and ‘Arnold’ (Kunwar et al., 2015; McAvoy et al., 2012).  
While results from the initial grafting study demonstrated that ‘RST-04-106-T’may not 
be the best rootstock for tomato grafting if there is no known soil-borne pathogen pressure in the 
high tunnel production system (Lang and Nair, 2019), we were motivated by continued grower 
interest in grafting to explore alternative rootstocks. The present research was designed with the 
hypothesis that several commercially available rootstocks would still provide economic benefits, 
primarily through increased yields, to Midwest high tunnel growers even in the absence of soil-
borne disease pressure.  
 
Materials and Methods 
Scion and rootstock selection 
‘BHN 589’ a hybrid, determinate tomato was select as the scion for this research as it is 
commonly used by growers within Iowa and has also been utilized in on-farm high tunnels in 
other studies within the Midwest (Loewen, 2018; Louws et al., 2010; Masterson et al., 2016; 
Meyer, 2016). Nongrafted and self-grafted ‘BHN 589’ were compared to ‘BHN 589’ grafted 
onto eight different rootstocks (Table 3.1). ‘RST-04-106-T’ was included as a control (Lang and 
Nair, 2019), and two trial rootstocks provided by Sieger’s Seed Co. (Holland, MI) were also 
included (Table 3.1).  
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An additional five commercially available cultivars were used in this study. Two well-
studied rootstocks that have proven valuable in a variety of field conditions were: ‘Beaufort’ 
(Buller et al., 2013; Djidonou et al., 2013; Djidonou et al., 2015; Djidonou et al., 2016; Leonardi 
and Giuffrida, 2006; Nicoletto, 2013; Suchoff et al., 2018b) and ‘Maxifort’ (Kumar et al., 2015; 
Loewen, 2018; Louws et al., 2010; Masterson et al., 2016; Meyer, 2016; Rivard and Louws, 
2008; Rivard et al. 2010a,b; Schwarz et al., 2013).  Two rootstocks that have not been 
extensively studied but hold promise for Iowa high tunnel soil conditions were: ‘Arnold’ (Di 
Gioia et al., 2013; Meyer, 2016) and ‘Estamino’ (Miles et al., 2015). Finally, the rootstock 
‘DRO141TX’ was included as it is being promoted within the industry, but the authors could not 
find any existing, independent research to support these claims.  
 
Site description 
Research was conducted during Summer 2017 and 2018 at the Iowa State University 
Horticulture Research Station in Ames, IA, in a 9.1 m wide x 3.7 m tall x 29.3 m long 
ClearSpan™ high tunnel (FarmTek, Dyersville, IA). On 31 Aug. 2016 a new single-layer 6 mil. 
polyethylene film (Tufflite®IV™ Clear; Berry Global Inc., Evansville, IN) was placed on the 
high tunnel. The high tunnel was equipped with motorized roll-up sides set to open when the 
temperature at 1 m above the soil was >23.8 °C according to a sensor attached to a thermostat 
control panel (Posi-Clasp Roll-Lock VCU1; Advancing Alternatives, Lancaster, PA).  
In 2016 a cover crop of cowpea (Vigna unguiculata) was seeded on 9 May at a rate of 
129 kg.ha-1 and terminated on 8 Sept. 2016, followed by a fall row cover research trial of pak 
choi (Brassica rapa subsp. Chinesis), cauliflower (Brassica oleracea), and lettuce (Lactuca 
sativa) from 12 Sept. to 11 Nov. 2016. The soil within the high tunnel was a Clarion loam. Soil 
samples taken at time of planting in both 2017 and 2018 indicated 4.5% organic matter, cation 
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exchange capacity of 22.0 meq/100 g, and pH of 7.5; and 3.7% organic matter, cation exchange 
capacity of 24.8 meq/100 g and pH of 7.4 in respective seasons. Irrigation water applied via drip 
irrigation was from a pond located at the research station. 
 
Transplant production 
All transplants were grown in the Iowa State University Department of Horticulture 
greenhouse maintained at 20 to 22°C from 0600 to 2200 HR and 17 to 19°C from 2200 to 0600 
HR. Supplemental irradiance was provided during 0600 to 2200 HR with 1000 W, high-pressure 
sodium bulb (AgroMax, Summerdale, AL). In 2017, a preliminary germination trial of the scion 
and all rootstocks indicated differences in germination time, so to compensate for these 
differences, seeding dates were adjusted to obtain uniform seedlings at the time of grafting 
(Table 3.1).  Seeds were sown in 288-cell propagation trays, and plugs were transplanted on 26 
Mar. 2017 and 8 Mar. 2018 to 72-cell trays (scion) and 606-cell packs (rootstocks). All trays and 
cell packs were filled with a soilless potting mix (Metro Mix 360; Sun Gro Horticulture, 
Agawam, MA).  
Approximately 3 weeks after seeding, on 5 Apr. 2017 and 20 Mar. 2018, seedlings were 
grafted using the splice grafting method (Lee et al., 2010). The rootstock stem was cut at a 45⁰ 
angle below the cotyledon. The scion stem was cut at the same angle above the cotyledon, and 
true leaves were not trimmed or removed from any of the grafted plants. The two stems were 
joined and held in place with a 2 mm silicon grafting clip (Johnny’s Selected Seeds, Winslow, 
ME). The transplants were then placed in a healing chamber, constructed of PVC pipe and clear 
polyethylene plastic, at 80 to 95% relative humidity (RH) and an average temperature of 24 ⁰C. 
Irradiance was blocked from the chamber with 4 mil. black plastic for 2 d post-grafting, after 
which the black plastic was removed.  
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One week after grafting, plants were removed from the healing chamber and acclimated 
to ambient greenhouse conditions. The nongrafted treatment remained in ambient greenhouse 
conditions throughout the growing period. Plants were watered as needed and fertilized (15-5-15 
Peters Excel® Multi-Purpose and Cal-Mag; Everris International, Geldermalsen, The 
Netherlands), with N at 150 mg.L-1, four times in 2017 [8, 24, 29, and 31 days after seeding 
(DAS)] and seven times in 2018 (4, 5, 9, 24, 26, 35, and 43 DAS). All transplants were hardened 
off prior to planting. In 2017, plants were moved from the greenhouse to the high tunnel at the 
Iowa State Horticulture Research Station 2 d prior to planting. In 2018, late-season lows below 
freezing made outdoor hardening prohibitive, so the transplants were moved to another 
greenhouse set to 10 to 15.6 ⁰C for 9 d prior to planting. 
 
Field design and management 
Prior to planting, Sustane® 4-6-4 All Natural Granulated Slow Release Nitrogen 
Fertilizer (Sustane Natural Fertilizer, Inc., Cannon Falls, MN) was incorporated into the soil in 
the high tunnel with rotary tillage at a rate of 145.7 kg.ha-1 N on 19 Apr. 2017 and 12 Apr. 2018. 
On 19 Apr. 2017, black plastic mulch, 0.9 m wide (Pliant Corporation, Schaumburg, IL), was 
installed prior to planting; however, black plastic mulch was not used in 2018 in order to avoid 
additional soil compaction created by multiple tractor passes.  
Tomatoes were transplanted by hand into the high tunnel on 21 Apr. 2017 and 20 Apr. 
2018. The experimental design was a randomized complete block with five replications (rows) 
running the length of the high tunnel oriented east-west. There were 1.4 m between rows. An 
additional row of tomatoes was planted on each outside edge of the high tunnel as guard rows. 
Treatment plots ran continuously within each replication and were assigned at random. Each 
treatment plot contained five plants spaced 0.46 m apart within rows. The 10 treatments in each 
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row included nongrafted and self-grafted ‘BHN 589’ and ‘BHN 589’ grafted to ‘946 TRS’, ‘980 
TRS’, ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, ‘Maxifort’, and ‘RST-04-106-T’.  
Field operations and data collection that occurred after transplanting are summarized in 
Table 3.2. In 2018, there was a threat of below-freezing temperatures the evening after planting, 
so plants were covered with floating row cover (Agribon+ AG-50; Berry Global Inc, Evansville, 
IN) for 3 d to provide frost protection. All tomatoes were grown with a stake and weave support 
system using wooden and metal stakes and tomato twine (Professional Grade Tomato Twine, 
Berry Hill Irrigation, Inc., Buffalo Junction, VA). Plants were pruned with leaf axil shoots 
removed from the base of the plant up to the first fruit cluster. In 2017, 1.5 m tall wooden stakes 
were used as the support system, but due to the unexpected growth of grafted plants, an 
additional wooden stake had to be secured to each existing post to increase the trellis height; 
paired posts were secured together using twine and heavy-gauge wire. In 2018, 1.8 m tall metal 
T-posts were used in place of wooden stakes, with additional height provided by the 1.5 m tall 
wooden stakes that were secured to the metal T-posts by plastic zip-ties and tomato twine.  
Drip tape was used in both seasons to apply irrigation at a volume of up to 198,642 L.ha-1 
per week depending on crop stage.  During the season, fertilizer through the drip lines was 
provided with a Dosatron Injector (Model D14MZ2, Dosatron International, Clearwater, FL) 
using Nature’s Source Professional Plant Food 10-4-3 (Ball DPF, LLC, Sherman, TX) with N 
ranging from 250-300 mg.L-1 (Table 3.2). The entire high tunnel was mulched to a depth of 15 
cm with dried switchgrass (Panicum virgatum); in 2017 the mulch was between the plastic rows 
and in 2018 the mulch covered the entire soil surface up to the tomato stems. 
A 50% shade cloth (Nolt’s Midwest Produce Supplies, Charles City, IA) was placed over 
the top of the high tunnel to reduce irradiance and to moderate temperature from 14 June to 23 
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Aug. 2017 and 19 June to 16 Aug. 2018. In 2018, a malfunction of the automated roll-up sides 
(ventilation system) led to temperatures within the high tunnel that exceeded 40⁰ C for 9 HR on 
both 4 May and 5 May before the problem was resolved. Due to the damage from excessive 
temperatures, 35% of plants were lost in a random pattern across the high tunnel. On 7 May all 
dead plants were replaced with new transplants, and management of the crop resumed as 
scheduled with some noticeable delays in plant growth. Crops were scouted weekly for signs of 
insect pests and disease symptoms. Except for heat damage in 2018, no biotic or abiotic disease 
symptoms were noted in either season. Major insect pests were corn earworm (Helicoverpa zea) 
and tobacco hornworm (Manduca sexta) which were controlled by spraying Bacillus 
thuringiensis subspecies kurstaki, strainABTS-351 (DiPel PRO DF, Valent U.S.A. Corp.,Walnut 




Harvest took place weekly 13 times each season, from 5 July to 26 Sept. 2017 and 3 July 
to 25 Sept. 2018. Tomatoes were harvested at the breaker stage and were graded according to 
United States Department of Agriculture (USDA) standards [Grade 1: diam. > 5.9 cm; Grade 2: 
6.4 cm < diam. < 5.9 cm, and Grade 3: 5.7 cm < diam. < 6.4 cm (U.S. Department of 
Agriculture, 1991a, §51.1859)]. To determine size, tomatoes were gently dumped onto a sorting 
table where fruit of smaller sizes dropped through holes that corresponded to each USDA grade.  
Non-marketable tomatoes included fruit smaller than 5.7 cm diameter and fruit damaged by 
blossom end rot, cat-facing, yellow shoulder, insects, or other surface defects. Fruit count and 




In order to assess firmness, Soluble Solute Concentration (SSC), pH, and Total Titratable 
Acidity (TTA), Grade 1 marketable fruit were selected from each plot by tagging fruit at breaker 
stage (U.S. Department of Agriculture, 1991b, §51.1860)] and harvesting 7 d later (Taber et al., 
2008). One d after harvest, all fruit were processed in the lab with average temperature of 21 °C. 
One whole fruit from each sample was selected for analysis of SSC (n = 50). A penetrometer 
(Ballauf Devices, Model 30B, Derwood, MD) was used on marketable fruit to measure firmness. 
Four measurements were taken equatorially, 90° apart on each uncut fruit.  
After firmness was collected, each fruit was blended in a food processor (Spectrum 
Brands Inc. Model #FP1700B) for 1 min, strained through six layers of cheesecloth into a clean 
weight boat, and 1 mL of the extract was transferred to a digital refractometer (Pocket Pal-1 
refractometer; Atago, Tokyo, Japan). Three 1 mL subsamples from each fruit were analyzed and 
the refractometer was cleaned and calibrated between each treatment using deionized water.  
The same fruit extract which was prepared for SSC analysis was also used to analyze 
TTA in each respective year. In 2017, after SSC analysis, samples were stored in 30 mL Nalgene 
bottles and stored frozen at -20 °C until time of TTA analysis, and in 2018 SSC, pH, and TTA 
analysis all occurred on the same day. Initial pH was recorded, and TTA, as percent citric acid 
milliequivalents, was determined by potentiometric titration of 5 mL of tomato extract in 45 mL 
of deionized water to an endpoint of pH = 8.1 with sodium hydroxide using an automatic titrator 
(HI 84532 Minititrator; Hanna Instruments Inc., Woonsocket, RI). 
 
Plant nutrient concentrations 
Data collection is summarized in Table 3.2. To test for differences in nutrient 
accumulation among treatments, a plant petiole-sap test was used to measure NO3
--N and K+ 
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concentrations (Hochmuth, 1994). Sampling occurred five times each season and corresponded 
to the following growing stages: First bud, first open flowers, fruits 5.1 cm diameter, first 
harvest, and second harvest. All plant petiole-sap test sample collection began at 8:00 HR with 
sample preparation and measurement immediately following. Petioles were collected by 
selecting the most recently matured leaf from three plants per plot (n = 150). Petioles were held 
in plastic bags and each petiole was prepared and sampled individually. With leaflets removed, 
petioles were crushed in a garlic press, and sap was collected in a clean weigh boat. NO3
--N was 
measured with a LAQUAtwin Compact Nitrate Meter (B-741; Horiba, Ltd., Edison, NJ) and K+ 
was measured with a LAQUAtiwn Compact Potassium Ion Meter (B-731; Horiba, Ltd., Edison, 
NJ). A 2 mL disposable transfer pipette was used to place 1 mL of sap into each Cardy meter to 
measure NO3
--N and K+ concentrations. Between each sample, the garlic press, and meters were 
triple rinsed with deionized water and gently dried.  
During each growing season, an indirect estimate of leaf chlorophyll concentration was 
measured every 4 weeks for five measurement dates with a SPAD-502 Plus chlorophyll meter 
(Konica Minolta Sensing America Inc., Ramsey, NJ). Five readings were taken on the first fully 
developed leaf of a plant and averaged, and this was repeated on each of the five plants within 
the plot (n = 300).  
 
Plant growth 
Stem diameter and plant height were measured every 2 weeks throughout each season; 
the same three plants in each plot were used for each measurement (n = 150). Plant height was 
measured from the soil line to the growing point of each plant. The same three plants were used 
for stem diameter measurements at the end of each season 152 and 158 DAT in 2017 and 2018, 
respectively. Stem diameter was measured using digital calipers (Westward® model #2YNC6, 
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Grainger Inc., Burr Ridge, IL) 1 cm above the graft union for all grafted treatments and 2 cm 
above the soil line for nongrafted controls. 
The experiment was terminated on 26 Sept. 2017 and 26 Sept. 2018, and whole plants 
were destructively sampled for biomass across several days (Table 3.2). The three middle plants 
from each plot (n = 150) were collected to determine biomass by gathering all shoot tissue and 
digging a 45 cm diameter x 45 cm deep hole to collect a uniform root sample. Shoot and root 
tissue was separated at the grafted union for grafted plants and 1 cm above the soil for 
nongrafted controls. All material was collected in brown paper lawn bags (Garbax 5-Pack 30-
Gallon Brown Paper Leaf Trash Bag; Lowe’s Home Improvement, Moorseville, NC), 
transported to the Iowa State University Agronomy Research Farm, Ames, IA and dried at 67 °C 
in forced-air drying rooms for 5 d. Once all moisture was removed, dried tissue was weighed 
using a 4,000 g scale (Scout Pro SPE4001; Ohaus Corporation, Parsippany, NJ).   
 
Data analysis 
Data from the 2017 and 2018 experiments were analyzed separately. Analysis of variance 
(ANOVA) was conducted using the GLIMMIX procedure in SAS (version 9.4; SAS Institute, 
Cary, NC). Within each season, all response variables were analyzed with rootstock as a fixed 
term tested against the random term of block and the block by rootstock interaction (residual). 
Analysis of conditional residuals for each response variable indicated no deviation from 
homogeneity or normality assumptions; therefore, data transformation was not needed. In order 
to account for field variability while avoiding type II errors, all treatment means were separated 




Number of marketable and non-marketable fruit per plant 
Within each year, the total number of marketable fruit per plant was greatest when ‘BHN 
589’ was grafted to ‘Arnold’, ‘Beaufort’, ‘DR0141TX’, ‘Estamino’, or ‘Maxifort’ compared to 
nongrafted ‘BHN 589’ (Table 3.3). The increase in total marketable fruit per plant for these 
‘BHN 589’ grafted to these five rootstocks ranged from 30% (‘Beaufort’) to 47% 
(‘DRO141TX’) in 2017 and 86% (‘Estamino’) to 119% (‘DRO141TX’) in 2018 (Table 3.3).  
When divided into Grades 1, 2, and 3, the number of marketable fruit per plant varied by 
rootstock within each grade. Grade 1 number of marketable fruit per plant followed the same 
pattern as total marketable fruit yield (Table 3.3). Grade 2 number of marketable fruit per plant 
was greatest on ‘Maxifort’ in 2017 and ‘Beaufort’ and ‘DRO141TX’ in 2018 (Table 3.3). Grade 
3 number of marketable  fruit per plant increased only in 2017 from ‘Arnold’ and ‘DRO141TX’ 
(Table 3.3).  
The total number of non-marketable fruit per plant was higher than nongrafted ‘BHN 
589’ on ‘Arnold’ and ‘Maxifort’ in both years, but was higher in 2017 only on ‘DRO141TX’ and 
in 2018, only from ‘Beaufort’ and ‘Estamino’ (Table 3.3). The incidence of BER was lower on 
fruit from ‘Estamino’ and ‘Maxifort’ rootstocks compared to nongrafted plants, but this pattern 
was only observed in 2017 (Table 3.3). Fruit from ‘BHN 589’ grafted to ‘RST-04-106-T’ had a 
higher incidence of BER in 2017 when compared to all other treatments. Catfacing was not 
reduced by the grafted treatments in either year; conversely, in 2018, fruit from ‘Beaufort’ and 
‘Maxifort’ had an increased incidence of catfacing (Table 3.3). 
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Weight of marketable and non-marketable fruit per plant 
The total weight of marketable fruit per plant was higher on ‘BHN 589’ grafted to 
‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ as compared to the nongrafted 
control in in both years, but only in 2017 for ‘BHN 589’ grafted to ‘980 TRS’ (Table 3.4). The 
increase in total weight of fruit per plant for the high-yielding rootstocks treatments over the 
nongrafted control ranged from 1.3 kg (‘980 TRS’) to 3.4 kg (‘Estamino’) in 2017 and 3.4 kg 
(‘Estamino’) to 4.1 kg (‘DRO141TX’) in 2018 (Table 3.4).  
The weight of Grade 1 marketable fruit reflected the same pattern as observed for the 
number of marketable fruit per plant (Tables 3.3 and 3.4). The weight of Grade 2 fruit was 
highest from ‘980 TRS’ and ‘Maxifort’ in 2017 and ‘Beaufort’, ‘DRO141TX’, and ‘Maxifort’ in 
2018 as compared to nongrafted ‘BHN 589’ (Table 3.4). ‘DRO141TX’ increased the weight of 
Grade 3 marketable fruit per plant in 2017 only (Table 3.4).  
The total weight of nonmarketable fruit was highest from ‘BHN 589’ grafted to ‘Arnold’ 
and ‘Beaufort’ in both years, with the additions of ‘DRO141TX’ in 2017, and ‘Maxifort’ in 2018 
(Table 3.4). In 2017, the only treatment that was different from the nongrafted control was ‘RST-
04-106-T’ which had a higher weight of fruit with BER (Table 3.4). The results of fruit weight 
mirror those of fruit number for incidence of catfacing in 2018, but in 2017 fruit from the 
‘Beaufort’ and ‘DRO141TX’ treatments had more catfacing compared to nongrafted plants as 
determined by weight (Table 3.4). 
 
Individual fruit weight 
The average weight of individual marketable fruit was higher than the nongrafted control 
in each year due to several rootstock combinations (Table 3.5). In 2017, fruit grown on 
‘Estamino’ and ‘980 TRS’ averaged the largest individual weights at 21.9 and 26.3 g, 
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respectively (Table 3.5). In 2018, ‘BHN 589’ grafted to ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, 
‘Estamino’, and ‘Maxifort’ led to average individual fruit weights between of 32.7 
(‘DRO141TX’) to 54.9 g (‘Arnold’) (Table 3.5). 
 
Fruit quality: Firmness, SSC, pH, TTA, and SSC:TTA 
There were no differences in firmness of fruit in either year (Table 3.6). SSC of fruit was 
not affected in 2018; however, in 2017 fruit grown on ‘Arnold’ and ‘Maxifort’ had lower SSC as 
compared to nongrafted ‘BHN 589’ (Table 3.6). Fruit pH, TTA, and SSC:TTA were also not 
different among treatments in 2017 (Table 3.6). In 2017, both pH and TTA varied slightly among 
rootstock treatments but none were higher or lower than the nongrafted treatment, except for a 
lower pH in ‘946 TRS’ (Table 3.6). The SSC:TTA ratio was the same among all treatments 
except for fruit grown on ‘RST-04-106-T’ which had a ratio of 20.84 in 2017 (Table 3.6). 
 
Plant nutrient concentrations 
Concentrations of NO3
--N and K+ in petiole-sap varied widely between years and within 
five sample dates each year which corresponded to crop stages: first bud, first open flower, fruit 
5.1 cm diam., first harvest, and second harvest (Table 3.7). There were no differences among 
treatments for the first or second sample dates in 2017. However, by the third sample in 2017, 
‘980 TRS’, ‘Beaufort’, ‘DRO141TX’, and ‘Maxifort’ each had higher concentrations of NO3
--N 
than nongrafted plants (Table 3.7). On the fourth sample date in 2017 ‘Beaufort’, ‘DRO141TX’, 
and ‘Maxifort’ each had higher concentrations of NO3
--N, but only ‘DRO141TX’ had higher 
concentrations at the fifth sampling (Table 3.7). In 2018, the third and fifth dates had no 
differences among NO3
--N concentrations. ‘Arnold’ had higher concentration of NO3
--N on the 
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first and second sample dates, while ‘Beaufort’ and ‘RST-04-106-T’ had increased NO3
--N on 
the second and fourth dates, respectively (Table 3.7). 
The concentration of petiole-sap K+ was not different among any treatments on the first 
or fourth sample dates in 2017; however, there were also no differences between nongrafted and 
rootstock treatments on the second or fifth sample dates (Table 3.7). ‘980 TRS’ had an increased 
concentration of K+ on the third sample date in 2017 (Table 3.7). In 2018, there were no 
differences between nongrafted and rootstock treatments at the first sample date, and there were 
no differences among any treatments on the second sample date (Table 3.7). The last three 
sample dates saw decreases in K+ concentrations for several treatments. On the third sample date, 
‘Beaufort’ had a decreased concentration of K+ compared to nongrafted ‘BHN 589’ (Table 3.7). 
On both the fourth and fifth sample dates in 2018 ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, 
‘Estamino’, ‘Maxifort’, and ‘RST-04-106-T’ each had reduced concentrations of K+ compared to 
nongrafted plants (Table 3.7). 
Estimated leaf chlorophyll content varied among treatments within each year; however, 
by the end of each season (154 DAT in 2017 and 158 DAT in 2018) differences in SPAD were 
null (Table 3.8). At 40 DAT in 2017, ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and 
‘Maxifort’ each had lower SPAD values compared to nongrafted plants, and this pattern 
remained the same at 68 DAT with the exception of ‘Beaufort’ (Table 3.8). At 96 DAT 
‘Beaufort’ and ‘Maxifort’ had lower SPAD values, but ‘946 TRS’ had a higher value compared 
to nongrafted plants (Table 3.8). ‘Arnold’, ‘Beaufort’, ‘Estamino’, and ‘Maxifort’ each had 
lower SPAD values at 125 DAT ranging from 3.4 to 4.9 units lower than nongrafted plants 
(Table 3.8). 
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SPAD values were not different on 39, 130, or 158 DAT in 2018. ‘Beaufort’, 
‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ each had lower values compared to nongrafted plants 
at 67 and 95 DAT, while ‘Arnold’ had a lower value only at 67 DAT. Self-grafted plants and 




The end-of-season stem diameter was largest on the same five rootstocks in each year 
(Table 3.9). Stem diameters of ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ 
were 1.9 to 3.8 mm and 2.2 to 3.2 mm larger than those of nongrafted plants in 2017 and 2018, 
respectively (Table 3.9). 
Differences in plant height varied within each season among treatments (Figure 3.1). In 
2017, nongrafted plants were taller than all other plants at both 12 and 26 DAT, but in 2018 
nongrafted plants were of similar height to ‘Beaufort’, ‘DRO141TX’, and ‘Estamino’ at 25 DAT 
(Figure 3.1). At 68 DAT in 2017, ‘Arnold’, ‘Estamino’, and ‘Maxifort’ began to surpass 
nongrafted plants in height with ‘DRO141TX’ and ‘Beaufort’ also surpassing nongrafted plants 
by 82 and 110 DAT, respectively (Figure 3.1). At the final measurement in 2017, 152 DAT, 
‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ were all taller than nongrafted 
plants (165 cm) with heights ranging from 193 to 214 cm (Figure 3.1). At 81 DAT in 2018, all 
five of the previously mentioned ‘BHN 589’ x rootstock combinations had surpassed the 
nongrafted plants in height (Figure 3.1). The end-of-season plant height at 158 DAT in 2018 
ranged from 184 to 210 cm for ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ 
which was taller than the average height of 140 cm for nongrafted plants (Figure 3.1). 
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Both end-of-season shoot and root biomass were affected by the use of tomato rootstocks 
(Figure 3.2). In 2017 shoot biomass of ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and 
‘Maxifort’ was 59 to 100 g more than nongrafted plants. In 2018, there were more differences 
among treatments, with ‘Maxifort’ and ‘DRO141TX’ having the largest shoot biomasses at 386 
and 315 g, respectively; however, the shoot biomass of ‘DRO141TX’ was also similar to those 
of ‘Arnold’, ‘Beaufort’, and ‘Estamino’ (Figure 3.2). 
Overall, the root biomass was much larger for all treatments in 2017 as compared to 2018 
(Figure 3.2). ‘Arnold’, ‘Beaufort’, ‘Estamino’, and ‘RST-04-106-T’ had larger root biomasses 
than nongrafted and self-grafted plants as well as ‘946 TRS’ and ‘980 TRS’ in 2017.  In 2018 
‘RST-04-106-T’ had a biomass similar to nongrafted and self-grafted plants, ‘946 TRS’, and 
‘980 TRS’ with the other five rootstocks having larger root systems (Figure 3.2). 
 
Discussion 
‘BHN 589’ grafted to ‘Arnold,’ ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ 
had higher yield than nongrafted plants, fruit quality was generally not impacted, and plant 
growth increased as measured by stem diameter, plant height, and biomass. Our research 
assumed that soil-borne disease pressure was absent or minimal, which was found to be true 
based on observations within the high tunnel during both seasons. Under Midwest soil 
conditions, the rootstocks ‘Arnold’, ‘DRO141TX’, and ‘Estamino’ performed as well as 
‘Beaufort’ and ‘Maxifort’ when grafted to the scion ‘BHN 589’. Our study is the first published 
report on the performance of ‘DRO141TX’ tomato rootstock and the only study of yield 
response of ‘Estamino’ rootstock. These results expand the selection of rootstocks that Midwest 
growers can choose from when incorporating grafting into their production systems.  
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The number and weight of marketable and total fruit per plant found in our experiment 
was comparable to other trials of nongrafted and grafted ‘BHN 589’ conducted in Midwest high 
tunnels (Loewen, 2018; Meyer, 2016). Yields were slightly lower in 2018 as compared to 2017, 
which may have been the result of the high-heat damage early in the growing season. In our 
study, harvest data showed ‘BHN 589’ grafted to ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, 
‘Estamino’, and ‘Maxifort’ had a higher average number of marketable fruit per plant by 30 to 
119% as compared to nongrafted plants. The same five rootstocks also increased marketable fruit 
weight by 1.3 to 4.1 kg per plant.  
‘Maxifort’ is now considered a “standard” tomato rootstock (Grieneisen et al., 2018) with 
its ability to increase yield confirmed in multiple studies (Kumar et al., 2015; Loewen, 2018; 
Masterson et al., 2016; Meyer, 2016). The yield increases we observed on the ‘Maxifort’ 
rootstock align with previous findings. ‘Beaufort’ is another rootstock that is being widely tested, 
although not all yield responses have been positive (Buller et al., 2013). Most recently, this 
rootstock has been shown to improve yields (Djidonou et al., 2013; Djidonou et al., 2017) and 
improve water use efficiency (Suchoff et al., 2018). Our results add evidence that ‘Beaufort’ as a 
useful rootstock for increasing yield. The rootstock ‘Arnold’ has been shown to increase yield 
under ambient field conditions (Di Gioia et al., 2013; Meyer, 2016) as well as respond favorably 
to mild levels of elevated soil salinity (Di Gioia et al., 2013). Our findings of ‘Arnold’ 
performing well within disease-free soil conditions align with the work of preceding studies. The 
only research on the rootstock ‘Estamino’ demonstrated that it may not be a suitable rootstock 
for decreasing the incidence of Verticillium wilt (Miles et al., 2015); however, based on our 
research, the rootstock should be included in future studies aimed at improving crop yields in 
sites where this disease is not problematic. ‘RST-04-106-T’ performed poorly in our study, 
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which was expected based on previous work in Iowa (Lang and Nair, 2019); however, recent 
work conducted in North Carolina confirms that this rootstock still remains a valuable tool in 
resisting bacterial wilt and mitigating yield reductions due to the disease (Suchoff et al., 2019).  
The number of culled fruit due to either BER or catfacing was relatively low in both 
years, however, both insect damage and fruit cracking were prevalent, especially in 2017 leading 
to a reduced percentage of marketable yield across rootstock treatments. Improvements in 
irrigation and pest management were likely responsible for the reduction in total nonmarketable 
fruit in 2018. In total, use of ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ had 
the greatest impact on Grade 1 and total marketable yield. Increases of fruit in the Grade 2 and 3 
categories were not as prevalent; however, for fresh-market sales, Grade 1 tomatoes are typically 
the most important. 
The weight of individual marketable fruit, ranging from 175 to 219 g, in our study was 
somewhat higher than other reports using the same rootstocks (Djidonou et al., 2013; Djidonou 
et al., 2017; Meyer, 2016). However, the general trend we observed in our data aligns with the 
findings of the previously cited studies. The effect of grafting on individual fruit weight is not as 
large as the effect on overall yield increase and may be attributed to a disproportionate increase 
in the number of fruit as compared to overall fruit weight per plant. 
Differences in fruit quality parameters were minimal and only observed in one year 
(2017) of our research. The values we found for SSC, pH, and TTA were similar to results of 
prior research (Di Gioia et al., 2013; Djidonou et al., 2017; Nicoletto, 2013). The effect of 
grafting on tomato fruit quality appears to be minimal as recently confirmed by a meta-analysis 
of tomato grafting research that found non-significant effects of grafting in over 75% of studies 
that evaluated pH, TTA, SSC, and firmness (Grieneisen et al., 2018). While the work of 
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Grieneisen et al. (2018) demonstrates that grafting will not reduce fruit quality in most cases, 
measurement of these parameters should still be included in future scion x rootstock evaluations 
as select cases have shown stark differences in fruit quality effects.  
Only one study of grafted tomatoes had previously used plant petiole-sap concentrations 
to measure NO3
--N (Buajaila et al., 2018) and none have reported values for K+. Our results for 
NO3
--N were within or above the recommended ranges for adequate petiole-sap concentrations 
for all crop growth stages in each year, except for the first bud stage in 2017 (Hochmuth, 1994). 
The values we found for K+ were generally below the recommended ranges (Hochmuth, 1994) 
for a given crop stage in several instances: first bud in 2018, first open flower in 2017 and 2018, 
and fruit 5.1 cm diam. in 2017. However, the general response for both nutrients was minimally 
affected by grafting. The usefulness of plant petiole-sap analysis for assessing nutritional 
differences within grafted tomato plants may be limited, and dry tissue analysis for N, P, K, and 
Ca concentrations will likely be more meaningful (Kumar et al., 2015; Djidonou et al., 2017). 
In prior work, chlorophyll indices have been used as indirect estimates of both leaf 
chlorophyll and N concentrations (Díaz-Pérez, 2013). At 40, 68, and 125 DAT in 2017 and 67 
and 95 DAT in 2018 we observed that all or nearly all of the five high-yielding rootstocks had 
lower SPAD readings as compared to the nongrafted control. This finding is contrary to findings 
by other authors working with grafted vegetables who found higher chlorophyll concentrations in 
several grafted plants (Colla et al., 2013; Kumar et al., 2015). Furthermore, Kumar et al. (2015) 
drew the conclusion that increased chlorophyll content and increased photosystem II activity 
could be a driving factor in increasing grafted plant biomass and yields. The use of SPAD 
readings in our study may not have accurately or appropriately captured the actual levels of 
chlorophyll within the leaves, and a study of grafted transplants speculated that the use of SPAD 
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readings may be of limited value (Buajaila et al., 2018). Future studies of grafted tomato plant 
performance in the Midwest should use chlorophyll fluorescence and pigment analysis as more 
precise measurements of the presence and role of chlorophyll in grafted plants. 
Stem diameters increased each season for scions grafted to ‘Arnold’, ‘Beaufort’, 
‘DRO141TX’, ‘Estamino’, and ‘Maxifort’. The diameters measured in this study were greater 
than those observed in our previous research (Lang and Nair, 2019). The increased stem diameter 
as a response to grafting aligns with previous, albeit limited, reports (Buller et al., 2013; Lang 
and Nair, 2019).  
Plant height as affected by grafting has not often been reported in other studies which 
instead favor reporting overall plant biomass (Barrett et al., 2012b; Loewen, 2018; Meyer, 2016). 
However, we argue that reporting overall plant height is important especially as it relates to 
management decisions. The unexpected level of growth that we observed created management 
challenges with the stake and weave trellis system inside of the high tunnel. Excessive plant 
height may be a concern for high tunnel growers trying to optimize production in a limited 
amount of space. In our study, the plant height of the five high-yielding rootstocks was well 
above that of the nongrafted plants by the end of both seasons. Future work that identifies scion-
rootstock combinations that stay shorter and minimize staking and pruning without yield 
decreases will be beneficial for high tunnel growers. 
Grafting has generally been shown to increase scion shoot biomass and in-turn promote 
yield increases (Kumar et al., 2015; Loewen, 2018; Meyer, 2016). Our results align with these 
findings as the rootstocks ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, and ‘Maxifort’ each 
had the highest yield as well as the largest shoot biomass in both seasons. In 2018, ‘Arnold’, 
‘Beaufort’, and ‘Estamino’ had less shoot biomass compared to ‘Maxifort’ without reductions in 
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yield. Although only observed in one year, this result may indicate that these rootstocks have 
greater yield to biomass efficiency.  
Morphology of the root systems of hybrid tomato rootstocks has not been well 
understood; however, work in this area is ongoing (Suchoff et al., 2017; Suchoff et al., 2018b). 
Within both seasons, we found increased root biomass for ‘Arnold’, ‘Beaufort’, and ‘Estamino’ 
rootstocks. Differences in root width and root length may affect overall root biomass and have 
important implications for both water and nutrient uptake; however, soil texture and structure 
will both impact rootstock performance at a given location (Suchoff et al., 2017; Suchoff et al., 
2018b). It seems imperative that more trials of tomato rootstocks report root biomass in order to 




Our work demonstrated that ‘BHN 589’ grafted to ‘Arnold’, ‘DRO141TX’, or 
‘Estamino’ can yield as well as ‘BHN 589’ grafted to ‘Beaufort’ or ‘Maxifort’ in typical 
Midwest high tunnel conditions. We demonstrated that fruit quality was not impacted by the 
rootstocks used, but plant growth was generally greater for five of the rootstocks in our study. 
These collective findings are relevant for Midwest high tunnel production of tomatoes under low 
disease pressure in the absence of other abiotic stresses, and future exploration of the 
applications of ‘Arnold’, ‘DRO141TX’, and ‘Estamino’ rootstocks could be of great value to 
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Figure 3.1. Effect of rootstock by year on mean end-of-season plant height of grafted, 
nongrafted, and self-grafted ‘BHN 589’ hybrid tomatoes grown at the Iowa State University 
Horticulture Research Station, Ames, IA in 2017 and 2018. Plant height was measured from 
the soil line to the growing point of the same three plants within each plot at each days after 
transplanting (DAT) (n = 150). The use of NS, *, **, or *** above each DAT indicate a 






Figure 3.2. Effect of rootstock by year on mean shoot and root biomass (g) of grafted, 
nongrafted, and self-grafted ‘BHN 589’ hybrid tomatoes grown at the Iowa State University 
Horticulture Research Station, Ames, IA in 2017 and 2018. Means with common letters 
within a response variable (shoot or root) are not different according to the unrestricted least 
















Table 3.1. Seed developer and seeding dates for ‘BHN 589’ hybrid tomato scion 
and 8 tomato rootstocks grown in the Iowa State University Department of 
Horticulture, Ames, IA greenhouse in 2017 and 2018. 
  Seeding date 
Cultivar Developer 2017 2018 
Scion 
BHN 589 BHNSeed, Immokalee, FL 14 Mar. 26 Feb. 
Rootstocks 
946 TRS Sieger’s Seed Co., Holland, MI 17 Mar. 1 Mar. 
980 TRS Sieger’s Seed Co., Holland, MI 17 Mar. 1 Mar. 
Arnold Syngenta, Basel, Switzerland 19 Mar. 4 Mar. 
Beaufort De Ruiter, St. Louis, MO 18 Mar. 2 Mar. 
DRO141TX De Ruiter, St. Louis, MO 18 Mar. 2 Mar. 
Estamino Enza Zaden, Salinas, CA 17 Mar. 1 Mar. 
Maxifort De Ruiter, St. Louis, MO 16 Mar. 28 Feb. 






Table 3.2. Schedule of major field operations and data collection events for grafted, nongrafted, and self-grafted ‘BHN 589’ hybrid tomatoes grown in a high tunnel at 
the Iowa State University Horticulture Research Station, Ames, IA in 2017 and 2018. 
 Days after transplanting (DAT)z 
Event 2017  2018 
Tomatoes trellised 14, 26, 40, 53, 60, 68, 75, 83, 90, 96, 104, 118  25, 31, 39, 53, 60, 67, 73, 81, 102, 123 
Suckers removed to 1st fruit cluster 26, 40  25, 31 
Fertilizer applicationsy 21, 46, 48, 60, 61, 70, 90, 101, 103  11, 137 
Insecticide applicationsx 71  94, 99, 118, 123 
Shade cloth placed on high tunnel 54  60 
Shade cloth removed from high tunnel 124  118 
Leaf petiole-sap samples analyzedw 27, 35, 54, 83, 90  27, 33, 48, 76, 84 
Plant height measured 12, 26, 40, 54, 68, 82, 96, 110, 124, 152  25, 39, 53, 67, 81, 95, 109, 123, 137, 151, 158 
Stem diameter measured 152  158 
SPAD measurements taken 40, 68, 96, 125, 154  39, 67, 95, 130, 158 
Harvest 75, 83, 90, 97, 104, 111, 118, 125, 132, 139, 146, 153, 158  74, 81, 88, 95, 102, 109, 116, 123, 130, 137, 144, 151, 158 
Fruit tagged at breaker stage 118  109 
Fruit collected for quality analysis 125  116 
Biomass collected 159, 161, 166, 167  159, 160 
zTransplant dates were 21 Apr. 2017 and 20 Apr. 2018 
yNature’s Source Professional Plant Food 10-4-3. 
xDiPel PRO DF (Bacillus thuringiensis subspecies kurstaki, strainABTS-351). 





Table 3.3. Effect of rootstock by year on mean number of marketable fruit per plant of Grades 1, 2, 3, and total fruit as 
well as the number of non-marketable fruit per plant due to blossom end rot (BER) and catfacing, and total non-
marketable fruit of grafted, nongrafted, and self-grafted ‘BHN 589’ hybrid tomatoes grown at the Iowa State 
University Horticulture Research Station, Ames, IA in 2017 and 2018.z 
 No. of marketable fruit per planty  No. of non-marketable fruit per plantx 
Rootstock Grade 1 Grade 2 Grade 3 Total  BER Catfacing Total 
 2017 
Nongrafted   12.3 bw   10.3 bc    6.1 cd 28.7 c       0.76 bcd    2.04 ab 20.5 b 
Self-grafted 12.0 b     9.7 bc     7.9 abc 29.6 c     1.20 bc   1.92 ab  20.8 b 
946 TRS 14.2 b   8.7 c 5.0 d 27.9 c  1.24 b   1.72 ab 22.2 b 
980 TRS 13.8 b     11.4 abc     6.9 bcd    32.1 bc     1.12 bc   1.92 ab 23.0 b 
Arnold 18.1 a     11.2 abc   8.5 ab    37.9 ab     0.20 de   1.72 ab 33.1 a 
Beaufort 20.3 a   10.7 bc     6.4 bcd    37.4 ab       0.48 cde 2.60 a   26.6 ab 
DRO141TX 21.1 a   11.8 ab 9.4 a  42.2 a     0.08 de 2.64 a  33.5 a 
Estamino 20.4 a   11.8 ab     7.7 abc  39.9 a  0.00 e 1.20 b   26.4 ab 
Maxifort 19.0 a  13.7 a     8.4 abc  41.1 a  0.00 e 1.16 b  32.8 a 
RST-04-106-T 12.7 b   10.2 bc   6.2 cd  29.1 c  2.20 a 1.36 b 20.4 b 
 2018 
Nongrafted   6.2 b   5.9 b   3.3 ab 15.4 c    0.16 ab 0.20 c     8.9 cd  
Self-grafted   5.2 b     9.1 ab   3.4 ab   17.8 bc    0.03 ab     1.11 abc      10.9 abcd  
946 TRS   8.3 b     7.3 ab   3.6 ab   19.2 bc  0.00 b   0.28 bc      9.2 bcd 
980 TRS   7.9 b     6.7 ab 2.0 b 16.6 c  0.00 b     0.35 abc  6.6 d 
Arnold 18.3 a      8.0 ab   2.7 ab   29.0 ab  0.24 a     0.46 abc      17.8 a 
Beaufort 18.1 a 10.3 a   3.4 ab 31.9 a    0.08 ab   1.18 ab 13.2 ab 
DRO141TX 19.8 a   9.6 a 4.4 a 33.8 a  0.00 b     0.99 abc    13.1 abc 
Estamino 17.6 a     8.2 ab   2.9 ab   28.7 ab  0.00 b     0.48 abc      15.0 a 
Maxifort 17.5 a     9.5 ab   3.0 ab   29.9 ab  0.00 b 1.25 a      16.8 a 
RST-04-106-T   9.6 b     8.0 ab   2.9 ab   20.5 bc  0.00 b     0.44 abc    10.8 bcd 
zHarvest took place 13 times each season from 5 July to 26 Sept. 2017 and 3 July to 25 Sept. 2018. 
yGrade 1: diam. > 5.9 cm; Grade 2: 6.4 cm < diam. < 5.9 cm, and Grade 3: 5.7 cm < diam. < 6.4 cm. 
xNon-marketable fruit was categorized as fruit smaller than 5.7 cm diam., blossom end rot, cat-facing, yellow shoulder, 
insects, or other surface defects. 
wMeans followed by the same letter within the same column and year are not different according to the unrestricted least 
significant difference procedure (α = 0.05). 
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Table 3.4. Effect of rootstock by year on mean weight of marketable fruit per plant of Grade 1, 2, 3, and total marketable 
fruit as well as weight of non-marketable fruit per plant due to blossom end rot (BER) and catfacing, and total non-
marketable fruit of grafted, nongrafted, and self-grafted ‘BHN 589’ hybrid tomatoes grown at the Iowa State 
University Horticulture Research Station, Ames, IA in 2017 and 2018.z  
Wt. of marketable fruit per plant (kg)y  Wt. of non-marketable fruit per plant (kg)x 
Rootstock Grade 1 Grade 2 Grade 3 Total  BER Catfacing Total 
 2017 
Nongrafted   3.2 cw   1.6 cd   0.7 bc 5.5 d       0.10 bcde     0.44 cde   1.9 ed 
Self-grafted 3.2 c   1.5 cd   0.9 ab   5.6 cd     0.18 abc     0.46 bcd   2.1 ed 
946 TRS   3.9 bc      1.4 d 0.5 c   5.8 cd   0.19 ab     0.41 cde   2.2 ed 
980 TRS   3.9 bc  2.0 ab     0.8 abc   6.8 bc     0.14 bcd     0.36 cde   2.0 ed 
Arnold   4.7 ab     1.7 abcd   0.9 ab   7.5 ab       0.04 de     0.50 abc     2.6 abc 
Beaufort 5.4 a   1.6 bcd     0.7 abc   7.9 ab     0.08 cde   0.66 ab   2.6 ab 
DRO141TX 5.7 a    1.8 abcd 1.0 a 8.5 a       0.02 e 0.67 a 2.7 a 
Estamino 5.9 a  1.9 abc     0.8 abc 8.9 a       0.00 e     0.34 cde     2.2 cde 
Maxifort 5.1 a     2.2 a   0.9 ab 8.1 a       0.00 e 0.25 e     2.3 bcd 
RST-04-106-T 3.5 c    1.7 bcd   0.6 bc   5.9 cd       0.28 a   0.29 de 1.9 e 
 2018 
Nongrafted 1.5 b    1.0 b 0.3 a 2.8 b    0.04 ab 0.04 c 0.6 c 
Self-grafted 1.2 b    1.5 ab 0.4 a 3.1 b    0.01 ab     0.26 abc   0.9 bc 
946 TRS 2.0 b    1.2 ab 0.4 a 3.5 b  0.00 b   0.06 bc 0.7 c 
980 TRS 1.9 b    1.0 ab 0.2 a      3.1 b  0.00 b   0.06 bc       0.7 c 
Arnold 5.1 a    1.3 ab 0.3 a 6.7 a  0.06 a     0.13 abc       2.7 a 
Beaufort 4.7 a    1.6 a 0.4 a 6.7 a    0.01 ab   0.31 ab       1.7 b 
DRO141TX 5.0 a    1.5 a 0.4 a 6.9 a  0.00 b     0.25 abc       1.3 bc 
Estamino 4.6 a    1.3 ab 0.3 a 6.2 a  0.00 b     0.14 abc       1.3 bc 
Maxifort 4.5 a    1.5 a 0.3 a 6.3 a  0.00 b 0.32 a       2.0 ab 
RST-04-106-T 2.4 b    1.3 ab 0.3 a 3.9 b  0.00 b     0.08 abc       0.9 bc 
zHarvest took place 13 times each season from 5 July to 26 Sept. 2017 and 3 July to 25 Sept. 2018. 
yGrade 1: diam. > 5.9 cm; Grade 2: 6.4 cm < diam. < 5.9 cm, and Grade 3: 5.7 cm < diam. < 6.4 cm. 
xNon-marketable: fruit smaller than 5.7 cm diam., blossom end rot, cat-facing, yellow shoulder, insects, or other surface 
defects. 
wMeans followed by the same letter within the same column and year are not different according to the unrestricted least 
significant difference procedure (α = 0.05). 
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Table 3.5. Effect of rootstock by year on mean weight of individual 
marketable fruit from grafted, nongrafted, and self-grafted ‘BHN 589’ 
hybrid tomatoes grown at the Iowa State University Horticulture 
Research Station, Ames, IA in 2017 and 2018.z 
 Individual marketable fruit wt. (g)y 
Rootstock 2017 2018 
Nongrafted    192.2 bcx 175.4 d 
Self-grafted 187.1 c   180.8 cd 
946 TRS   209.4 ab   181.6 cd 
980 TRS 218.5 a   190.1 cd 
Arnold     200.1 abc 230.3 a 
Beaufort   211.1 ab   209.0 bc 
DRO141TX     201.8 abc   208.1 bc 
Estamino 214.1 a   216.9 ab 
Maxifort     197.0 abc     213.2 abc 
RST-04-106-T     202.2 abc   190.9 cd 
zHarvest took place 13 times each season from 5 July – 26 Sept. 2017 
and 3 July – 25 Sept. 2018. 
yIndividual marketable fruit wt. = Marketable fruit wt. / Marketable 
fruit no. 
xMeans followed by the same letter within the same column and year 
are not different according to the unrestricted least significant 
difference procedure (α = 0.05). 
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Table 3.6. Effect of rootstock by year on mean firmness, soluble solids content (SSC), pH, 
total titratable acidity (TTA), and SSC:TTA of grafted, nongrafted, and self-grafted ‘BHN 
589’ hybrid tomatoes grown at the Iowa State University  Horticulture Research Station, 
Ames, IA in 2017 and 2018.z 
Rootstock 
Firmness 
(kgf)y SSC (%) pH 
TTA 




Nongrafted    3.0 abx     5.15 abc   4.4 ab     0.33 abc   16.24 b 
Self-grafted   3.1 ab       4.98 bcde   4.2 bc   0.38 ab   13.37 b 
946 TRS   3.1 ab     5.16 abc 4.2 c 0.40 a   13.12 b 
980 TRS 3.3 a   5.30 ab   4.2 bc   0.36 ab   14.62 b 
Arnold   3.0 ab   4.67 de   4.3 ab   0.32 bc   15.23 b 
Beaufort   3.2 ab     4.99 bcd   4.4 ab     0.33 abc   15.81 b 
DRO141TX 3.3 a     4.99 bcd     4.3 abc   0.35 ab   14.57 b 
Estamino   3.0 ab     4.94 cde     4.3 abc   0.36 ab   13.86 b 
Maxifort 2.8 b 4.65 e     4.3 abc   0.32 bc   14.80 b 
RST-04-106-T 3.4 a 5.41 a 4.4 a 0.26 c   20.84 a 
 2018 
Nongrafted 2.7 a 5.03 a 4.5 a 0.32 a 16.91 a 
Self-grafted 3.2 a 5.00 a 4.3 a 0.32 a 15.93 a 
946 TRS 3.1 a 5.10 a 4.3 a 0.40 a 12.68 a 
980 TRS 3.2 a 5.12 a 4.3 a 0.39 a 13.25 a 
Arnold 2.5 a 5.08 a 4.5 a 0.31 a 16.66 a 
Beaufort 2.8 a 5.18 a 4.4 a 0.35 a 14.96 a 
DRO141TX 2.6 a 4.99 a 4.4 a 0.33 a 15.58 a 
Estamino 2.8 a 5.07 a 4.4 a 0.36 a 14.73 a 
Maxifort 2.7 a 4.83 a 4.4 a 0.36 a 13.78 a 
RST-04-106-T 2.9 a 5.09 a 4.3 a 0.36 a 14.50 a 
zFully ripe fruit were harvested 125 days after transplanting (DAT) in 2017 and 116 DAT in 2018. One 
marketable fruit per plot was selected for analysis (n = 50). 
ykgf = kilogram-force 
xMeans followed by the same letter within the same column and year are not different according to the 






Table 3.7. Effect of rootstock by year on plant petiole-sap concentrations of NO3--N and K+ from five crop stages (first bud, first open flower, fruits 5.1 cm 
diameter, first harvest, and second harvest) of grafted, nongrafted, and self-grafted ‘BHN 589’ hybrid tomatoes grown at the Iowa State University 
Horticulture Research Station, Ames, IA in 2017 and 2018.z 
 NO3--N (ppm)  K+ (ppm) 


















Nongrafted  931 ay 1061 a 447 c 804 c 653 b   3747 a   3060 ab   2813 bc 4007 a   4767 ab 
Self-grafted 897 a 1411 a 407 c   1008 abc 822 b   3787 a   3220 ab   2946 abc 3847 a   4786 ab 
946 TRS 930 a 1276 a     497 abc     967 abc 759 b   3860 a 3253 a   2760 bc 4080 a 4940 a 
980 TRS 823 a 1089 a   643 ab   913 bc 835 b   3767 a 3047 b   3227 a 3907 a   4777 ab 
Arnold 828 a 1119 a     567 abc   1077 abc   893 ab   3713 a   3193 ab   2654 c 3867 a   4887 ab 
Beaufort 923 a 1237 a 669 a    1267 a   866 ab   3820 a   3193 ab   3013 ab 3887 a   4673 ab 
DRO141TX 856 a 1254 a   642 ab 1219 ab    1185 a   3793 a   3074 ab   2967 abc 3933 a   4927 ab 
Estamino 973 a 1217 a   643 ab  1133 abc   917 ab   3893 a   3113 ab   2840 bc 3860 a   4887 ab 
Maxifort 874 a 1173 a     498 abc 1195 ab   934 ab   3793 a   3120 ab   2827 bc 3900 a   4887 ab 
RST-04-106-T 943 a 1291 a   481 bc  900 bc 754 b   3766 a   3189 ab   2840 bc 3833 a 4520 b 
 2018 
Nongrafted 1034 bc   486 b   685 a 592 b 440 a   2930 abcd 3240 a   4867 a 4823 a 5453 a 
Self-grafted   1234 abc   1122 ab 1141 a  674 ab 443 a   3756 a 4060 a   4671 ab   4376 ab 5743 a 
946 TRS 1049 bc     802 ab 1045 a  802 ab 552 a   2334 d 3322 a   4657 ab 4920 a 5557 a 
980 TRS   1170 abc     857 ab 1041 a  745 ab 635 a   2744 abcd 3466 a   5204 a 4861 a 5389 a 
Arnold    1435 a 1411 a   764 a  722 ab 563 a   3300 ab 3687 a   3930 ab 4053 b 4980 b 
Beaufort   1271 abc 1495 a   855 a 661 b 491 a   3324 a 3740 a   3860 b 4087 b 5013 b 
DRO141TX   1153 abc   464 b   995 a  701 ab 603 a   2520 cd 3287 a   4000 ab 4060 b 5027 b 
Estamino   1317 abc     944 ab   792 a  741 ab 543 a   2610 bcd 3640 a   3908 ab 3940 b 4980 b 
Maxifort 1404 ab   1092 ab   945 a  695 ab 531 a   3113 abc 3600 a   4190 ab 4053 b 5053 b 
RST-04-106-T    1018 c     931 ab   926 a   1170 a 589 a   2610 cd 3668 a   4355 ab 4150 b 5113 b 
zPetioles were collected by selecting the most recently matured leaf from three plants per plot (n = 150). Collection occurred at 27, 35, 54, 83, and 90 days after 
transplanting (DAT) in 2017 and 27, 33, 48, 76, and 84 DAT in 2018 at first bud, first open flower, fruits 5.1 cm diameter, first harvest, and second harvest, 
respectively. 







Table 3.8. Effect of rootstock on mean SPAD readings collected 40, 68, 96, 125, and 154 days after transplanting (DAT) in 2017 and 39, 67, 95, 130, and 158 
DAT in 2018 of grafted, nongrafted, and self-grafted ‘BHN 589’ hybrid tomatoes grown at the Iowa State University Horticulture Research Station, 
Ames, IA in 2017 and 2018.z 
 Days after transplanting (DAT) 
 2017  2018 
Rootstock 40 68 96 125 154  39 67 95 130 158 
Nongrafted   62.4 ay   58.0 ab 46.5 b   49.1 a 49.5 a  61.4 a 58.0 b 47.6 b 44.9 a 47.9 a 
Self-grafted   61.2 abc 58.5 a 46.5 b   48.1 abc 52.4 a  65.7 a 66.4 a    44.9 bcd 46.1 a 48.7 a 
946 TRS   62.4 a 60.6 a 51.2 a   48.8 ab 51.3 a  59.4 a 58.5 b 50.5 a 45.9 a 47.3 a 
980 TRS   60.2 abcd   57.4 ab 47.8 b   48.9 a 50.8 a  60.1 a   56.7 bc 47.3 b 44.8 a 47.5 a 
Arnold   58.4 bcde  52.0 c   44.8 bc   44.9 cd 49.5 a  63.7 a   53.2 cd 47.4 b 44.8 a 47.6 a 
Beaufort   58.3 cde   53.1 bc 41.9 c   45.7 bcd 49.6 a  61.0 a   53.2 cd 44.5 d 44.1 a 45.7 a 
DRO141TX   56.3 e 51.7 c   45.2 bc   46.2 abcd 52.0 a  61.2 a 50.6 d 43.7 d 43.4 a 45.0 a 
Estamino   57.6 de 49.1 c   44.7 bc   45.4 cd 49.7 a  59.6 a 53.9 c    44.7 cd 44.4 a 45.6 a 
Maxifort   58.8 bcde 50.7 c 42.4 c   44.2 d 51.2 a  59.1 a   53.1 cd 44.6 d 42.4 a 44.5 a 
RST-04-106-T   61.5 ab   57.3 ab 47.7 b   47.9 abc 50.9 a  58.9 a   56.3 bc    46.9 bc 45.7 a 47.3 a 
zFive readings were taken on the first fully developed leaf of a plant and averaged, and this was repeated on each of the five plants within the treatment (n = 
300). 




Table 3.9. Effect of rootstock by year on mean end-of-season stem 
diameter of grafted, nongrafted, and self-grafted ‘BHN 589’ hybrid 
tomatoes grown at the Iowa State University Horticulture Research 
Station, Ames, IA in 2017 and 2018.z 
 Stem diameter (mm) 
Rootstock 2017 2018 
Nongrafted   15.7 dy 14.1 b 
Self-grafted   16.1 cd   16.0 ab 
946 TRS     17.0 bcd 14.6 b 
980 TRS 15.6 d 14.2 b 
Arnold   18.0 ab 16.8 a 
Beaufort     17.6 abc 16.4 a 
DRO141TX 19.5 a 17.3 a 
Estamino   18.2 ab 16.3 a 
Maxifort   18.1 ab 18.2 a 
RST-04-106-T     16.6 bcd 14.5 b 
z The same three plants were used for stem diameter measurements at 
the end of each season 152 and 158 DAT in 2017 and 2018, 
respectively. Stem diameter was measured using digital calipers 
(Westward® model #2YNC6, Grainger Inc., Burr Ridge, IL) 1 cm 
above the graft union for all grafted treatments and 2 cm above the soil 
line for nongrafted controls. 
yMeans followed by the same letter within the same column and year 
are not different according to the unrestricted least significant 
difference procedure (α = 0.05). 
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Abstract 
Production of sweet, colored bell peppers provides an opportunity for vegetable growers 
to receive a price premium over non-ripened green bell peppers. Growing colored bell peppers in 
high tunnels enhances fruit quality and accelerates ripening. While there are benefits to high 
tunnel pepper production, increased heat inside the structures can lead to plant stress, blossom 
drop, sunscald and reduced marketable yields. The objective of this study was to test shade cloth 
treatments placed on high tunnels as a means to mitigate heat stress and improve colored bell 
pepper yield and fruit quality while identifying cultivars that perform well within Midwest high 
tunnel systems. Research was conducted at the Iowa State University Horticulture Research 
Station in Ames, IA from 11 May to 11 Oct. in 2017 and 3 May to 9 Oct. in 2018.  Six 4.3 m 
wide x 10.9 m long x 3.2 m tall single-poly passively ventilated Quonset high tunnels were used 
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for the experiment. This study was a factorial experiment with shade as the whole-plot factor and 
cultivar as the subplot. The shade treatments (no shade cloth, 30% light-reducing shade cloth, 
and 50% light-reducing shade cloth) were applied in June of each season to one of three tunnels 
within each of two blocks. In each shade treatment, there were three randomized complete blocks 
of the seven colored bell pepper cultivars (‘Archimedes’, ‘Delirio’, ‘Flavorburst’, ‘Red Knight’, 
‘Sirius’, and ‘Tequila’) representing red, orange, yellow, and purple mature coloration. Data 
were collected on marketable and non-marketable yield [with categories including sunscald and 
blossom end rot (BER)], fruit quality (fruit size, soluble solids concentration (SSC), pH, and total 
titratable acids (TTA), and plant growth characteristics (SPAD, plant height, leaf area and 
number, and shoot biomass). Environmental parameters (solar radiation and soil and air 
temperature) were monitored throughout the growing season. Mature fruit were harvested 15 
times between 5 July and 11 Oct. 2017 and 14 times between 28 June and 4 Oct. 2018. In 
general, both the 30% and 50% shade cloth treatments reduced average and maximum air 
temperatures within high tunnels, with the largest differences occurring in the months of July and 
Aug. and distinct differences between the two shade cloths emerging only in 2018. The use of a 
shade cloth reduced the incidence of sunscald by 59% between no shade and 50% shade cloth 
treatments. There was an interaction between shade and cultivar for the incidence of BER, but 
plants under the no shade cloth treatment generally had the highest incidence of BER. While 
there was no difference between 30% and 50% shade treatments, the use of 50% shade cloth 
caused a decrease in both marketable number (32%) and weight (29%) of pepper fruit compared 
to the control. ‘Tequila’, ‘Delirio’, and ‘Flavorburst’ had larger numbers of marketable fruit per 
plant, but there were no differences among marketable weights of cultivars. Shade treatments did 
not affect fruit SSC, pH, or TTA, but there was an increase in the SSC:TTA ratio of fruit under 
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no shade cloth as compared to the 30% shade cloth treatment. Shade treatments had no effect on 
SPAD readings, shoot biomass, the number of leaves per plant or the total leaf area per plant; 
however, plant height increased by an average 14.5 cm for plants under shade cloth treatments. 
Average leaf size was 11.2 cm2 larger on plants grown under the 50% shade cloth as compared to 
plants grown under the control. Several cultivar differences existed for each fruit quality and 
plant growth parameter. In general, all cultivars performed well with the exception of ‘Tequila’. 
While differences in fruit quality and plant growth parameters were limited among shade 
treatments, decreasing marketable yield is concerning. Our research suggests that Midwest 
growers should not exceed 30% light-reducing shade cloth on their high tunnels for colored bell 
pepper production. Further research should examine lower percentages of light reduction as well 
as refined timing for placement and removal of shade cloth on high tunnels. 
 
Introduction 
Colored sweet bell peppers (Capsicum annuum) are a category of large, blocky peppers 
that are horticulturally mature when green, but continue to ripen to physiological maturity in 
colors including red, yellow, orange, purple, white, brown, or black (Simonne et al., 1997). Fresh 
bell peppers are an important source of ascorbic acid and provitamin A, with green, red, and 
orange peppers having the highest concentrations of these antioxidants (Simonne et al., 1997). 
While green bell peppers still dominate consumer preferences, markets exist for colored bell 
peppers, particularly orange, red, and yellow (Frank et al., 2001), and fresh market demand for 
colored peppers has been increasing (Jovicich et al., 2005).  
Colored bell peppers are usually priced two to three times higher than their green 
counterparts (Jovicich et al., 2005) which compensates for the increased time needed for peppers 
to go through the period of coloring which lengthens crop exposure to adverse environmental 
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conditions that can damage the fruit and lead to reduced yield and quality (Day, 2010). Jovicich 
et al. (2005) found greenhouse grown colored bell peppers were worth up to five times more than 
those produced in open field conditions, which may explain why colored bell pepper production 
takes place extensively under protection (Lopez-Martin et al., 2013). Peppers are among the top 
five most common crops grown in Midwest high tunnels (Knewtson et al., 2010a), and though 
more recent data are needed on production trends, the underlying assumption is that high tunnel 
production of colored bell peppers in the Midwest is increasing. 
A high tunnel is a solar-heated, passively ventilated, plastic-covered structure that is used 
to produce high-value specialty crops (Jett, 2017; Lamont, 2009), and small-scale growers 
serving local markets are the primary users of high tunnels (Carey et al., 2009; Zheng et al., 
2019.  In the Midwest, high tunnels are an especially important tool for growing solanaceous 
crops (Carey et al., 2009; Lamont, 2009) as they extend the growing season substantially 
(Lamont, 2009; Reeve and Drost, 2012) while increasing yield (Waterer, 2003) and improving 
fruit quality (O’Connell et al., 2012). These improvements in crop production are achieved, in 
large part, due to the protection afforded by the high tunnel from adverse weather including rain, 
wind, and hail (Lamont, 2009).  
High tunnels maintain a higher soil temperature throughout the duration of the growing 
season, which improves crop growth (Gent, 1992; Knewtson et al., 2010b), and air temperatures 
within high tunnels increase the total number of growing degree days (GDD) and the rate at 
which GDD accumulate (Both et al., 2007; Waterer and Bantle, 2000). Increased GDD 
accumulation accelerates solanaceous crop growth, development, and ripening (Both et al., 2007; 
O’Connell et al., 2012; Waterer and Bantle, 2000), and harvest from high tunnel crops can occur 
2 to 5 weeks ahead of crops grown in open-field conditions (Kaiser and Ernst, 2012). This 
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acceleration of growth becomes especially important for colored bell pepper production as the 
development of mature fruit color can take an additional 20 to 30 d after the fruit has reached the 
mature green state (Vidagal, 2011). 
While high tunnels are an important production tool for solanaceous crops, farmers 
continue to struggle with management challenges within high tunnels as recently reported by 
Bruce et al. (2019). Challenges within high tunnel production systems are wide-ranging (Bruce 
et al., 2019; Zheng et al., 2019), but include management of heat-related stress (Díaz-Pérez and 
Smith, 2017). Excess heat can increase bell pepper flower and fruit abortion (Deli and Tiessen, 
1969; Bosland and Votava, 2000) as well as increase the incidence of physiological disorders 
including sunscald (Barber and Sharpe, 1971) and blossom-end rot (BER) (Olle and Bender, 
2009).  
Bell peppers are adapted to average growing temperatures between 18 ℃ and 29 ℃ 
(Swiader and Ware, 2002). Night and daytime temperatures above 24 ℃ and 32 ℃, respectively, 
lead to flower abortion and stalled fruit set (Bosland and Votava, 2002; Swiader and Ware, 
2002). Unfortunately, flower abortion and fruit loss of bell peppers due to high temperatures are 
common problems in the United States (Bosland and Votava, 2002). The term sunscald has been 
used to define a general category of fruit tissue injury that results from direct exposure to solar 
radiation, and the physiological disorder can cause economically important losses in bell pepper 
production (Barber and Sharpe, 1971). BER is a symptom of a localized calcium deficiency, 
commonly seen in fruit of tomatoes and peppers (Taylor and Locascio, 2004), and several factors 
including genetics, growth rate, irrigation regime, and relative humidity have been shown to have 
an effect on BER incidence on fruit (Coolong et al., 2019; Taylor and Locascio, 2004). The 
presence of BER makes fruit unmarketable and losses due to BER have been reported as high as 
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35% in the Southeastern United States (Coolong et al., 2019). While a large-scale, field producer 
may be able to absorb a larger percentage loss without economic impact, small-scale growers 
who have the added expense of the high tunnel must work to optimize production and avoid 
losses related to excess heat. 
High tunnel producers in temperate climates experience heat related challenges within 
high tunnels in the summer production months (Díaz-Pérez and Smith, 2017). Techniques to 
manage excess heat within high tunnels include the use of either forced or natural ventilation 
(Zheng et al., 2019), whitewashing of the high tunnel (Díaz-Pérez and Smith, 2017), and shade 
cloth (shade netting) (Díaz-Pérez and Smith, 2017; Drost and Maughan, 2018).  
While ventilation including gables, fans, and roof vents have been identified as important 
tools for heat management in high tunnels (Zheng et al., 2019), these may be cost-prohibitive for 
many small-scale growers. The use of shade cloth may be the most economically feasible option 
on many farms (Díaz-Pérez, 2014; Drost and Maughan, 2018). 
Shade cloth (or shade netting) is typically made of woven or knitted plastic materials 
such as high-density polyethylene or polypropylene (Castellano et al., 2008) and is commonly 
black (Stamps, 2009).  Shade cloths have been shown to improve yield (Ambrózy et al., 2016; 
Elad et al., 2007; Selahle, 2015) and postharvest quality of sweet bell peppers (Ambrózy et al., 
2016; Kong et al., 2013; Mashabela, 2015; Selahle, 2015). 
Shade cloth is cited as a tool to manage excess heat and solar radiation (Stamps, 2009), 
but the recommendations for level of light reduction and color of shade cloth vary. Many recent 
studies of the effects of shading on colored bell pepper production have been conducted outside 
of the United States (Ambrózy et al., 2016; Díaz-Pérez and Smith, 2017; Elad et al., 2007; Kong 
et al., 2013; Mashabela, 2015; Selahle, 2015) or in regions excluding the Midwest (Day, 2010; 
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Díaz-Pérez 2013, 2014). Furthermore, many studies are conducted in open-field conditions 
(Ambrózy et al., 2016; Day, 2010; Díaz-Pérez, 2013, 2014; Kong et al., 2013), which makes it 
more difficult to predict plant performance under shade within high tunnel production systems. 
Research from the Southeast region using shade structures in open-field conditions suggests the 
optimum shade level to improve bell pepper plant health and yield is between 30% and 47% 
(Díaz-Pérez, 2013, 2014), however, shade recommendations for Midwest high tunnel pepper 
production are unknown.  
The purpose of the present research was to define responses of colored pepper production 
to high tunnel shade cloth use in the Midwest. Our objectives were to: (1) test black, woven 
shade cloth with light-reduction levels that were within the ideal (30%) as well as the upper limit 
(50%) of the current recommendations and (2) evaluate the performance of seven commercially 
available bell pepper cultivars with four different colors at maturity – orange, purple, red, and 
yellow - while assessing their response to the shade treatments.  
 
Materials and Methods 
Site description 
Research was conducted Mar. to Oct. in both 2017 and 2018 at the Iowa State University 
Horticulture Research Station in Ames, IA.  Six Quonset-style GrowSpan™ Round Premium 
High Tunnels (PB01662R4; FarmTek, Dyersville, IA) with dimensions 4.3 m wide x 10.9 m 
long x 3.2 m tall were used for both seasons. All high tunnels had a single layer of 6 mil 
polyethylene film and had manual roll-up sides.  Three of the high tunnels were constructed prior 
in 2011, and new polyethylene film was placed on the high tunnels in 2015 (Tufflite®IV™ 
Clear; Berry Global Inc., Evansville, IN). The additional three high tunnels were constructed in 
Spring 2017. For purposes of the study, the tunnels constructed in 2011 were considered block 1 
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(B1) and the tunnels constructed in 2017 were considered block 2 (B2). Blocking of the high 
tunnels was used to account for differences between the two sets with respect to soil properties, 
irrigation source, and age of polyethylene film. 
The B1 high tunnels were used to grow crops of colored bell peppers (Capsicum annuum) 
during the 2015 and 2016 seasons. The soils within the B1 and B2 high tunnels were Clarion 
loam and Webster clay loam, respectively. Soil samples were taken at time of planting in both 
2017 and 2018, and results are summarized in Table 4.1. Irrigation water applied via drip 
irrigation was sourced from rural municipal water for B1 high tunnels and was pumped from a 
pond located at the research station for B2 high tunnels. 
 
Transplant production 
Seven colored bell pepper cultivars used in this study were representative of four unique 
colors at maturity. Red cultivars were ‘Archimedes’ (Seedway, LLC., Hall, NY) and ‘Red 
Knight’ (Seedway, LLC.). Yellow cultivars included ‘Flavorburst’ (Seedway, LLC.), ‘Summer 
Sweet’ (Harris SeedsTM, Rochester, NY), and ‘Sirius’ (Siegers Seed Company, Holland, MI). 
Finally, ‘Delirio’ (Seedway, LLC.), and ‘Tequila’ (Seedway, LLC.) represented orange and 
purple cultivars, respectively. All transplants were grown in the Iowa State University 
Department of Horticulture greenhouse maintained at 20 to 22 °C from 0600 to 2200HR and 17 to 
19 °C from 2200 to 0600HR. Supplemental irradiance was provided during 0600 to 2200HR with 
1000 W, high-pressure sodium lamps.  
On 26 Mar. 2017 and 13 Mar. 2018, seeds were sown in 72-cell propagation trays filled 
with a soilless potting mix (Metro Mix 360; Sun Gro Horticulture, Agawam, MA). Seedlings 
were watered as needed and fertilized uniformly across all cultivars. Application of fertilizer to 
seedlings occurred five times in 2017 [17, 22, 31, 35, and 40 days after seeding (DAS)] and eight 
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times in 2018 (18, 27, 31, 35, 41, 43, 45, and 48 DAS). A water-soluble 15-5-15 Peters Excel® 
Multi-Purpose and Cal-Mag (Everris International, Geldermalsen, The Netherlands) with N at 
150 mg.L-1 concentration was used. In 2017, plants were moved from the greenhouse to the high 
tunnels at the Iowa State Horticulture Research Station 3 d prior to planting; however, in 2018, 
late-season air temperatures made outdoor hardening prohibitive, and transplants were moved 
directly from the greenhouse to the high tunnels at time of transplanting. 
 
Field design and management 
This 2-year study was a factorial experiment with shade as the whole-plot factor and 
cultivar as the subplot. Shade treatment (no shade, 30%, and 50%) was applied to one of three 
tunnels within each of the two high tunnel blocks (B1 and B2). The placement of shade 
treatments was randomized among the tunnels each year. Within each shade treatment, there 
were three randomized complete blocks of the seven colored bell pepper cultivars for a total of 
21 experimental units (126 plants) in each high tunnel and 126 experimental units (756 plants) in 
each year.  
Each season, prior to planting, fertilizer applications were made as follows. In 2017, B1 
high tunnels each received a broadcast application of Sustane® 4-6-4 All Natural Granulated 
Slow Release Nitrogen Fertilizer (Sustane Natural Fertilizer, Inc., Cannon Falls, MN) at a rate of 
134.5 kg.ha-1 N. In order to build soil organic matter in the B2 high tunnels, each tunnel received 
a broadcast application of dairy compost from the Iowa State University Compost Facility. The 
N analysis of the dairy manure-based compost was 1.1% N, and compost was applied at a target 
rate of 134.5 kg.ha-1 N. Amendments were broadcast across the entire soil surface, and 
incorporated using a tractor-mounted rotary tiller inside each high tunnel. 
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In 2018, Healthy Grow® 10-3-2 with Holganix® (Pearl Valley Organix, INC, Pearl City, 
IL) was applied in all six high tunnels. Five of the six tunnels received an application of 134.5 
kg.ha-1 N, whereas the sixth tunnel had a lower organic matter value, therefore warranting an 
application of 156.9 kg.ha-1. Additionally, two high tunnels in B2 were lower in K, and received 
supplemental applications of potassium chloride (0-0-60; Key Cooperative, Story City, IA) at 
rates of 58 kg.ha-1 K and 81.5 kg.ha-1 K, respectively. In 2018, three passes were made in each 
planting row with a walk-behind rotary tiller to prepare the planting bed. Both amendments were 
applied by hand within the planting rows of each high tunnel and incorporated with hand rakes. 
Peppers were transplanted by hand into each high tunnel on 11 May 2017 and 3 May 
2018. Within each high tunnel there were three beds of peppers with 1.2 m center-to-center 
distance between beds. Each bed contained two rows of peppers 0.4 m apart, and the entire bed 
was equally divided into seven twin-row sections. Each section contained one cultivar (subplot) 
with six plants in staggered double-rows with 0.3 m within-row spacing. There was a 0.2 m 
buffer between sections within a row. Two single row beds, one on each outside edge of the high 
tunnel, served as non-data guard rows. Major field operations and data collection after 
transplanting are summarized in Table 4.2. Plants were supported using 1.5 m tall wooden stakes 
and tomato twine (Professional Grade Tomato Twine; Berry Hill Irrigation, Inc., Buffalo 
Junction, VA) in order to keep peppers contained within double rows and avoid breaking shoots. 
To suppress weed growth, each high tunnel was mulched to a depth of 15 cm with dried 
switchgrass (Panicum virgatum) after planting each season. 
Drip tape was installed in both seasons to apply irrigation at a volume of up to 66,214 
L.ha-1 per week within each high tunnel. Irrigation volume was held constant among all high 
tunnels. During the season, fertilizer was provided with a Dosatron Injector (Model D14MZ2, 
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Dosatron International, Clearwater, FL) using Nature’s Source Professional Plant Food 10-4-3 
(Ball DPF, LLC, Sherman, TX) to provide N ranging from 125 to 600 mg.L-1 concentration on 
the dates listed in Table 4.2. Fertilizer applications were always held constant within either block 
of high tunnels. 
On 6 June 2017, magnesium deficiency was noted in B2 high tunnels. Corrective action 
was taken by using two additional fertilizer products. On 12 June, Cal Mag Special 17-5-17 Plus 
with 4% Ca and 1% Mg (Plant Marvel Laboratories, INC., Chicago Heights, IL) was applied at a 
rate of 200 mg.L-1 in 1,252.7 L of water per high tunnel. Additionally, MgSO4
.7H2O (9.8% Mg 
and 12.9% S; PQ Corporation, Malvern, PA) was used applied as follows. On 13 June and 10 
July, MgSO4
.7H2O was foliar applied at a rate of 0.1 kg MgSO4.7H2O per L in 7.6 L of water. 
On 20 and 29 June and 10 July, 1.4 kg of MgSO4
.7H2O was applied via drip irrigation in 757.1 L 
of water within each high tunnel. In 2018, minor symptoms of Mg deficiency began to appear, so 
MgSO4
.7H2O was applied in 757.1 L of water within each high tunnel at rates of 1.4 and 0.7 kg 
MgSO4
.7H2O on 29 May and 12 June, respectively.  
Crops were scouted weekly for signs of insect pests and diseases. With the exception of 
Mg deficiency, no disease or environmental issues were observed in either season. Tobacco 
hornworms (Manduca sexta) were managed through the use of Bacillus thuringiensis subspecies 
kurstaki, strain ABTS-351 (DiPel PRO DF, Valent U.S.A. Corp.,Walnut Creek, CA) which was 
sprayed once in 2017 and three times in 2018 (Table 4.2) at a rate of 1.1 kg.ha-1 active ingredient. 
In Sept. 2017, mouse damage was observed on ripening fruit, so traps were placed within each 
high tunnel to manage the problem. 
Shade cloth treatments were placed on high tunnels on 14 June 2017 and 19 June 2018. 
Within B1 and B2, the three treatments applied were: No shade cloth (control), 30% light-
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reducing shade cloth and 50% light-reducing shade cloth. Each shade cloth was black-knitted 
UV stabilized polypropylene [CS3K2672 (30%) and GSC5026 (50%); Nolt’s Produce Supply, 
Charles City, IA] and was held in place using plastic Clip-its (GSC10; Nolt’s Produce Supply) 
and nylon rope tied to the base-boards of the high tunnel. The shade cloth covered the high 
tunnel down to each hip-board along the sides, and there was a 0.5 m overhang on each end-wall. 




To monitor ambient air temperature and irradiance, two data loggers (Hobo Pendant® 
Temperature/Light data loggers UA-002-8; Onset Computer Corporation, Bourne, MA) were 
placed within each high tunnel as well as outside each block of high tunnels. Data loggers were 
secured on top of posts 100 cm above the soil-line and programmed to collect data every 1HR. 
Additionally, two data loggers [Hobo Pendant® Temperature/Alarm (waterproof) data loggers 
UA-001-08, Onset Computer Corporation] were buried 15.24 cm below the soil surface to 
collect soil temperature data every 1HR. 
 
Harvest 
Harvest took place 15 times between 5 July to 11 Oct. 2017 and 14 times between 28 
June to 4 Oct. 2018. Plants were checked once a week, and fruit was harvested once 80% of the 
fruit surface had changed color based on visual observation. Non-marketable bell peppers were 
categorized as fruit that were small ( < 5 cm diameter); severely misshapen; damaged from 
sunscald, BER, insects or rodents; or other biotic surface defects. Fruit count and weight was 
recorded for all categories of fruit for each harvest. 
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Soluble solids concentration (SSC), pH, and total titratable acidity (TTA) 
Once all cultivars were consistently producing fruit within each shade treatment, samples 
were collected for SSC, pH, and TTA analysis. Sample collection occurred on 30 Aug. 2017 and 
23 Aug. 2018. Marketable fruit were brought back to a lab, stored in a refrigerator at 6 ⁰C for 5 d, 
and processed for analysis at room temperature (21 °C) on d six. One whole fruit from each 
subplot was selected for analysis (n = 126).  
Analysis of SSC, pH, and TTA used a similar protocol to methods used by Mashabela et 
al. (2015) and is summarized as follows. Samples were prepared by slicing the fruit into quarters 
to remove the calyx and seeds. Each prepared sample was blended in a food processor (Black + 
Decker FP1700B; Towson, MD) for 1 min, strained through six layers of cheesecloth into a 
clean weigh boat, and 1 ml of the extract was transferred to a digital refractometer (Pocket Pal-1 
refractometer; Atago, Tokyo, Japan). Three 1 ml sub-samples from each fruit were analyzed and 
the refractometer was cleaned and calibrated between each treatment using deionized water.  
The same fruit extract used for SSC was used to analyze pH and TTA. In 2017, processed 
samples were stored in 30 ml Nalgene bottles and stored frozen at -20 °C until time of pH and 
TTA analysis, and in 2018 samples were stored at 6 ⁰C for 7 d until analyzed. Using an 
automatic titrator (HI 84532 Minititrator; Hanna Instruments Inc., Woonsocket, RI), the initial 
pH was recorded and TTA in terms of percent malic acid milliequivalents was determined by 
potentiometric titration of 5 ml of pepper juice diluted with 45 ml of deionized water to an 
endpoint of pH = 8.1 with sodium hydroxide.  
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Leaf chlorophyll concentration 
An indirect estimate of leaf chlorophyll concentration was measured during each growing 
season using a SPAD-502 Plus chlorophyll meter (Konica Minolta Sensing America Inc., 
Ramsey, NJ). After placement of shade cloth treatments, SPAD measurements were collected 
three times in 2017 and five times in 2018 (Table 4.2). Five readings were collected on the first 
fully developed leaf of each plant, and measurements were averaged to obtain one value per 
plant. This was repeated on each of the 6 plants for each cultivar within the plot (n = 756).  
 
Plant growth 
Several measurements were taken at the end of each growing season to assess plant 
growth including final plant height, total plant leaf count and area, and shoot biomass. The 
growing season was ended on 11 Oct. and 9 Oct. in 2017 and 2018, respectively. Data collection 
occurred within B1 and B2 across several days (Table 4.2). Plant height was measured from the 
soil line to the growing point of each pepper plant (n = 756). One representative plant from each 
subplot was sampled destructively for shoot biomass by cutting the stem at the soil surface (n = 
126). Each biomass sample was collected in a brown paper bag and transported to the Iowa State 
University Agronomy Research Farm to be dried at 67 °C in forced-air drying rooms for 4 d. 
Dried tissue was then weighed using a 4,000 g scale (Scout Pro SPE4001; Ohaus Corporation, 
Parsippany, NJ).  
Plant leaf count and leaf area data was collected by selecting one representative plant 
from each subplot (n = 126). All individual leaves were counted as they were removed from the 
plant and placed into a labeled plastic trash bag. All samples were stored in a 6 ⁰C refrigerator 
until time of total plant leaf area measurement. Total plant leaf area was measured using a LI-
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COR Leaf Area Meter (3100; LI-COR Inc., Lincoln, NE). Each individual leaf was passed 
through the meter and total leaf area was recorded. 
 
Data analysis 
Analysis of variance (ANOVA) and mean separation were conducted using the 
GLIMMIX procedure in SAS (version 9.4; SAS Institute, Cary, NC). For initial analysis, year, 
cultivar, and shade were fixed effects to test for interactions among the variables with the 
exceptions of irradiance reduction, air temperature, and soil temperature. There were two 
restrictions on randomization: high tunnel (B1 and B2) and 3 replicated blocks nested in year, 
high tunnel, and shade. Both blocking factors and all interactions with fixed effects were 
considered random terms in the linear model. When there was not an interaction with year, the 
term year and all interactions with year were set as random terms in the model to test the fixed 
effects of shade and cultivar. To test irradiance reduction, air temperature and soil temperature, 
the model terms were tunnel (random), shade (fixed), and block (nested in tunnel).  
Conditional residuals were analyzed for each response variable, and data transformation 
was used if there was deviation from homogeneity or normality assumptions. SSC, pH, TTA, 
SSC:TTA, and shoot biomass data were log-transformed to satisfy the homogeneity of variance 
and normality assumptions of ANOVA, and data were back-transformed for presentation of 
means. During all analysis described previously, if variance for a random term was zero, the term 
was dropped from the model and variance pooled to residual error. In order to account for field 
variability while avoiding type II errors, all treatment means were separated using the 





Within each year, the shade cloth treatments caused a reduction in the irradiance 
(recorded in LUX) reaching the plant canopy (Table 4.3). The reduction in average light levels 
under 30% shade cloth was 53.3% in 2017 and 45.9% in 2018, while the 50% shade cloth 
reduced average light levels by 65.3% in 2017 and 63.9% in 2018 (Table 4.3). Light levels were 
lower than the control under both the 30% and 50% shade cloth treatments, but there was no 
difference in light reduction between the 30% and 50% shade cloth treatments (Table 4.3). 
In general, air and soil temperatures in each season were different than full-sun, outdoor 
conditions, but the primary interest was in differences among no shade cloth, 30% and 50% 
shade cloth treatments (Table 4.4). In 2017, the minimum air temperature did not vary among 
shade cloth treatments in any month (Table 4.4). In both July and Aug. 2017, the average and 
maximum air temperatures were highest in tunnels without shade cloth. While the average and 
maximum air temperatures decreased with use of 30% and 50% shade cloth, the differences were 
negligible between the two treatments (Table 4.4). In Sept. 2017, the average and maximum air 
temperatures decreased between no shade and 50% shade cloth treatments (Table 4.4). In each 
month of 2017, soil minimum, average, and maximum temperatures were unaffected by shade 
cloth (Table 4.4). 
Similar to 2017, the minimum air temperature was unaffected by shade cloth treatments 
for any month in 2018 (Table 4.4). However, shade cloth treatments incrementally reduced both 
average and maximum air temperatures in July, Aug., and Sept. 2018. Averaged over the 2018 
season the use of 30% and 50% shade cloth reduced average air temperatures by 1.2 ℃ and 2 ℃, 
respectively. The 30% and 50% shade cloth treatments reduced maximum air temperatures by 
3.8 ℃ and 6.2 ℃, respectively, compared to the control (Table 4.4). In July 2018, the minimum 
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soil temperature was reduced between the control and 50% shade cloth treatments, but the 
average and maximum soil temperatures were unaffected (Table 4.4). Minimum, average, and 
maximum soil temperatures were reduced slightly between no shade and 50% shade cloth 
treatments in Aug. 2018 (Table 4.4). In Sept. 2018, the minimum soil temperature was reduced 
for the 50% treatment as compared to the control and 30% shade cloth, the average soil 
temperature was reduced between no shade and 50% shade cloth, while the maximum soil 
temperature was unaffected (Table 4.4). 
 
Marketable yield 
There were no interactions among year, shade, or cultivar for the number of marketable 
fruit or weight per plant as well as total fruit weight per plant, so analysis focused on the main 
effects of shade and cultivar across both years (Table 4.5). Overall, plants grown under the 50% 
shade cloth treatment had a reduced number of marketable fruit and decreased marketable fruit 
weight compared to plants grown in high tunnels without shade cloth. There was a 2.5 fruit and 
0.4 kg fruit weight decrease between no shade and 50% shade cloth treatments (Table 4.5). The 
use of 30% shade cloth did not reduce the number or weight of fruit per plant as compared to the 
control treatment (Table 4.5). Total fruit weight per plant followed the same trend, with 50% 
shade cloth causing a reduction in weight compared to the no shade cloth treatment. There were 
no differences among cultivars for marketable or total fruit weight per plant; however, ‘Tequila’ 
and ‘Flavorburst’ had a higher number of marketable fruit per plant at 11.6 and 6.4, respectively 
while the remaining cultivars averaged 4.8 to 6 fruit per plant (Table 4.5). 
There were no interactions with year for total fruit number per plant or percent 
marketable fruit number, but there was a shade by cultivar interaction for each variable. Data 
were analyzed for the shade by cultivar interaction across both years (Table 4.6). Within the 
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control and 30% shade cloth treatments, the total fruit per plant was the same among all cultivars 
except ‘Tequila’, which had an increased fruit number (Table 4.6). Under the 50% shade cloth, 
‘Tequila’ and ‘Flavorburst’ had higher fruit yields than the other cultivars (Table 4.6). There was 
a general trend of decreased fruit per plant as the level of shade cloth increased. The percent 
marketable fruit number was unaffected among cultivars under the 30% or 50% shade cloth 
treatments. Under no shade cloth, the percent marketable fruit number was highest for 
‘Flavorburst’ (70.6%) and lowest for ‘Summer Sweet’ (53.1%) which was the only difference 
among the cultivars (Table 4.6). 
There was a year by cultivar interaction for the percent marketable fruit weight, so data 
were analyzed as the interaction of year with shade and cultivar, respectively (Table 4.7). The 
use of shade cloth did not affect the percent marketable fruit weight within either year. There 
were also no differences among cultivars in 2017. In 2018 cultivar differences were present: 
‘Tequila’, ‘Flavorburst’ and ‘Red Knight’ had marketable fruit weight ranging from 76% to 82% 
while ‘Summer Sweet’ had the lowest marketable fruit weight at 64% (Table 4.7). 
 
Sunscald and BER 
There were no interactions among year, shade, or cultivar for incidence of sunscald, so 
analysis focused on the main effects of shade and cultivar across both years (Table 4.8). There 
was no difference between the control and 30% shade cloth or 30% and 50% shade cloth 
treatments, but there was a 59% reduction in the incidence of sunscald between the control and 
50% shade cloth treatments (Table 4.8). There were no differences among cultivars with respect 
to incidence of sunscald damage on fruit (Table 4.8). 
When examining the incidence of BER on fruit, there were no interactions with year, but 
there was a shade by cultivar interaction, and data were analyzed accordingly (Table 4.9). There 
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was a general trend of decreased BER with increased shade cloth percentage, but cultivar 
differences were only present in the control and 30% shade treatments (Table 4.9). Under no 
shade cloth, ‘Sirius’ had 16.8% incidence of BER, while ‘Archimedes’, ‘Flavorburst’, ‘Red 
Knight’, and ‘Tequila’ were within the range of 2.1 to 6.0% BER (Table 4.9). Under 30% shade 
cloth, fruit with BER dropped to 8.2% for the cultivar ‘Sirius’, which was only different as 
compared to ‘Tequila’ at 1.2% BER (Table 4.9). 
 
Fruit size 
Marketable fruit size data were analyzed to reflect the shade by cultivar interaction 
discovered during initial analysis; however, no interactions with year were found (Table 4.10). 
Within each shade treatment ‘Tequila’ had the smallest fruit size, ranging from 106 to 115 g 
(Table 4.10). ‘Archimedes’ (213 to 243 g), ‘Red Knight’ (221 to 237 g), and ‘Sirius’ (212 to 229 
g) consistently had the largest fruit sizes, but differences decreased among all cultivars with the 
addition of 30% or 50% shade cloth (Table 4.10). Overall, fruit size increased with the addition 
of shade cloth treatments with the exceptions of ‘Archimedes’, ‘Flavorburst’ and ‘Sirius’, which 
had the lowest marketable fruit sizes under 30% shade cloth (Table 4.10). 
 
SSC, pH, TTA, and SSC:TTA ratio 
There were no interactions among year, shade, or cultivar for SSC, pH, TTA, or 
SSC:TTA ratio, so analysis focused on the main effects of shade and cultivar across both years 
(Table 4.11). The use of shade cloth did not cause any changes in fruit SSC, pH, or TTA. Subtle 
differences in SSC and TTA resulted in a decreased SSC:TTA ratio under the 30% shade cloth 
treatment as compared to the control; however, there was not a difference in the ratios between 
30% and 50% shade cloth treatments (Table 4.11). 
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The cultivar ‘Summer Sweet’ had fruit with the highest SSC at 8.4, but the pH and TTA 
were similar to several other cultivars (Table 4.11). Fruit from ‘Archimedes’ also had a high SSC 
value, but the pH was lower than the other cultivars; however, the TTA was the highest of all the 
cultivars with a value of 0.27 % malic acid (Table 4.11). ‘Tequila’ had the lowest SSC at 4.3, but 
it also had the highest pH value. ‘Tequila’ had the lowest TTA value at 0.10 %, which resulted in 
the cultivar having the highest SSC:TTA ratio at 41.5. ‘Summer Sweet’ and ‘Sirius’ had the 
second and third highest SSC:TTA ratios at 35.8 and 33, respectively. The remaining four 
cultivars had SSC:TTA ratios ranging from 28.8 to 30 (Table 4.11).  
 
Leaf chlorophyll concentration 
Within each year, there were no cultivar by shade interactions for the estimated leaf 
chlorophyll concentration as determined by SPAD values (Table 4.12). The shade cloth 
treatments did not affect SPAD values on any date in either year (Table 4.12). Cultivar 
differences in SPAD values were present on each sample date within each year. In both years 
‘Red Knight’ consistently had the highest SPAD values ranging from 54.3 to 57.9 in 2017 and 
54.8 to 60.9 in 2018 (Table 4.12). ‘Tequila’ had the lowest SPAD values across both years, 
except for 49 DAT in 2018; values ranged from 47.7 to 48.5 in 2017 and 48.8 to 53.0 in 2018. 
‘Flavorburst’ had lower SPAD values compared to the other cultivars, at both 120 and 153 DAT 
in 2017. ‘Archimedes’, which had values near the top end of the range on most sampling dates, 
had the lowest value among the cultivars on the first sample date of 2018, 49 DAT (Table 4.12). 
‘Flavorburst’ had SPAD values lower than all cultivars except for ‘Tequila’ on 120 and 153 
DAT in 2017 and 77 DAT in 2018. ‘Summer Sweet’ SPAD values were higher as the 2018 
season progressed, causing ‘Summer Sweet’ to rank incrementally better compared to the other 




There were no interactions among year, cultivar, or shade for plant height, shoot biomass, 
the number of leaves per plant, total leaf area per plant, or the average leaf size, so analysis 
focused on the effects of shade and cultivar across both years (Table 4.13). Plants grown under 
the 30% and 50% shade cloth treatments were taller than plants grown without shade with an 
average height increase between 12.5 to 16.4 cm (Table 4.13). The use of shade cloth did not 
affect shoot biomass, the number of leaves per plant, or the total leaf area per plant; however, 
there were some general trends. Total leaf area was lowest under the 30% shade and highest 
under the 50% shade cloth, but the number of leaves per plant decreased incrementally with the 
addition of shade cloth treatments. These two trends explain an increase in individual leaf size 
between no shade and 50% shade treatments, with the average leaf size increasing from 33.7 to 
44.9 cm with the addition of 50% shade cloth (Table 4.13). 
Differences among the cultivars existed for all plant growth variables (Table 4.13). 
‘Summer Sweet’ had the tallest average plant height at 114.9 cm while ‘Red Knight’ was the 
shortest averaging 96.5 cm. ‘Archimedes’, ‘Sirius’, and ‘Summer Sweet’ had larger biomasses as 
compared to the other cultivars (Table 4.13). The number of leaves per plant was highest for 
‘Tequila’ with ‘Red Knight’ and ‘Summer Sweet’ having the fewest leaves per plant (Table 
4.13). ‘Archimedes’ and ‘Sirius’ had the highest total leaf area per plant while ‘Summer Sweet’ 
had the lowest leaf area per plant as compared to the other cultivars (Table 4.13). These patterns 
resulted in ‘Archimedes’ having the largest individual leaves followed by ‘Sirius’ with 




Our research provides valuable new insights into bell pepper performance in Midwest 
high tunnels covered with shade cloth. Our results confirm the detrimental effect of using a 50% 
shade cloth, whereas the value of using a 30% shade cloth remains debatable as demonstrated by 
our yield data. There were limited differences in fruit quality or plant growth parameters under 
the three shade treatments, but differences among cultivars were common. Our research serves as 
a caution against the adoption of shade cloth that is 30% or greater; however, several interactions 
between shade and cultivar effects demonstrate that some cultivars may perform better than 
others under different shade regimes. 
The actual light reduction as a result of the polyethylene film covering in combination 
with the shade cloth treatment in reducing light levels as compared to outdoor, full-sun 
conditions must be evaluated to fully understand the environmental conditions (Stamps, 2009). 
Actual shade factors may differ considerably from the target values attributed to the shade cloth 
(Stamps, 2009), which our study demonstrates. In our experiment the average light reduction 
within the unshaded high tunnels was 17% as compared to outdoor conditions. The average 
reduction in light intensity under 30 and 50% shade cloth averaged 50 and 65%, respectively, as 
compared to outdoor conditions. Our findings demonstrate the combined effect of the high 
tunnel’s polyethylene film covering and shade cloth at reducing light levels in the plant canopy. 
In Georgia, Díaz-Pérez (2014) found a quadratic response of bell pepper yield and quality which 
was optimized between 30 and 47% shade. Light reduction in our study of 50 and 65% under 30 
and 50% shade cloth treatments, respectively, exceeded these recommended values, and this may 
be a large reason for the negative yield and fruit quality responses we observed. 
During each growing season, the average temperature within all three high tunnels 
remained between 21.7 and 28.6 ℃ which is within the desired temperature range for pepper 
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production (Swiader and Ware, 2002). High tunnel temperatures were highest in the month of 
July for each season indicating that shade cloth placement during this month may have been the 
most beneficial. In general, the use of 30 and 50% shade cloth decreased average and maximum 
air temperatures within the high tunnels as compared to high tunnels without shade cloth; and in 
several cases the use of 50% shade cloth decreased temperatures as compared to outdoor 
conditions. Average maximum air temperatures within high tunnels exceeded 32 ℃ in both 
seasons, indicating that conditions were favorable for flower abortion and delayed fruit set 
(Bosland and Votava, 2002; Swiader and Ware, 2002) regardless of shade cloth application. 
However, it is likely that the use of both the 30% and 50% shade cloth decreased the frequency 
and length of time that air temperatures were above a detrimental threshold (Díaz-Pérez, 2013; 
Stamps, 2009). The decrease in average air temperatures under 30% and 50% shade cloth would 
have contributed to decreased GDD accumulation, which explains the general trend we observed 
(although, data was not shown) that harvest of ripened fruit began approximately 1 week earlier 
in high tunnels without shade cloth (Both et al., 2007; O’Connell et al., 2012; Waterer and 
Bantle, 2000). The use of shade cloth had no effect on minimum air temperature, which makes 
sense due to the role of shade cloth in reducing solar radiation as the primary factor in 
temperature regulation (Stamps, 2009).  
In general, shade cloth did not result in decreased soil temperature, which is contrary to 
the findings of Díaz-Pérez (2013). Our findings may be due to the environmental differences of 
the high tunnel versus open field conditions and may also be attributed to the role of plant 
canopy cover in shielding the soil from solar radiation (Díaz-Pérez, 2013).  
In both years of the study the shade cloths were placed on the high tunnels in June and 
remained through Sept., when the growing season ended. Removal of the shade cloth earlier in 
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the season (mid to late Aug.) would likely have improved the yield response of the crop, 
especially as outdoor temperatures dropped and daylength decreased. Future research on timing 
of shade cloth placement and removal could be especially beneficial for growers in the northern 
United States. 
The number and weight of marketable fruit per plant we found was lower than expected 
when compared to other recent data from Midwest high tunnel production systems (Loewen, 
2018). However, it is likely that the overall plant density within the high tunnels had a uniformly 
detrimental effect on fruit production. A decrease of between and within-row plant spacing from 
0.5 m to 0.2 m has been shown to reduce the number of marketable fruit by 63% (Cushman and 
Horgan, 2001). While adjusting the planting spacing within all high tunnels may have improved 
yield across treatments, the number of cultivars within the study and desire to achieve three 
replications per tunnel was a constraint on plant spacing. Future research in small high tunnels 
would benefit from a reduction in the number of cultivars included in the study to optimize plant 
spacing. 
There were no interactions between shade or cultivar for the number or weight of 
marketable fruit per plant or the total fruit weight per plant, indicating that all cultivars had a 
similar response to shade conditions for these variables. However, there was an interaction 
between shade and cultivar for total number of fruit per plant. The decrease in marketable fruit 
yield and weight between no shade and 50% shade treatments aligns with the findings of Díaz-
Pérez (2014) who proposed that shade should not exceed 47% to maximize bell pepper yield in 
open field conditions. Our finding of no yield increase between the no shade and 30% shade 
cloth treatments is in contrast to both Díaz-Pérez (2014) and Day (2010) who found greatly 
improved yield responses under 30% shade cloth as compared to unshaded conditions. However, 
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these studies were conducted in open-field conditions, and as discussed earlier, the additive 
effect of the high tunnel covering plus the shade cloth must be considered when examining our 
results.  
The cultivars ‘Delirio’, ‘Flavorburst’, and ‘Tequila’ had the highest marketable yield per 
plant indicating that ‘Flavorburst’ may be a better option as compared to the other two yellow 
peppers in the study (‘Sirius’ and ‘Summer Sweet’). While ‘Tequila’ produced more fruit, the 
fruit were much smaller than those of the other cultivars. When considering the total number of 
fruit per plant, differences among cultivars became more widespread under the 50% shade cloth 
treatment, indicating that some cultivars may be more resilient under low light conditions. 
While the purpose of this study was to use shade to decrease damage from solar radiation 
and increased temperatures, the effect of the high tunnel plus the shade cloth resulted in increases 
in plant shading which may have been detrimental for flowering and fruit formation. Important 
causes of abortion in pepper plants include factors such as high temperatures, low light, drought, 
and pests (Marcelis and Baan, 1995). Aloni et al. (1996) found that rate of abscission increased 
as light was reduced between 86 to 100% for three of the five cultivars they tested. More recent 
work conducted by Marcelis et al. (2004) examined the effects of source-sink relationships on 
pepper flower and fruit abortion. The authors altered source strength by varying light level, plant 
density, and through leaf pruning, while sink strength was varied by changing temperature, 
number, and position of earlier formed fruits. They found that an increased plant density 
increased flower abortion (Marcelis et al., 2004). Shading of plants had the greatest effect on 
abortion rate when it occurred a few days before anthesis up to 2 weeks after anthesis, and a 
similar critical period was found when temperatures were increased to 33 ℃ (Marcelis et al., 
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2004). Collectively, this prior research may explain why yields in our study decreased under 
increased shade regimes regardless of the effect of decreased temperature. 
There was an interaction between shade and cultivar effects on the percentage of 
marketable fruit number, with all cultivars responding similarly to one another under 30 and 50% 
shade cloth treatments. All cultivars were similar to one another under the no shade treatment 
with the exception of ‘Flavorburst’ which had a higher percent marketability compared to 
‘Summer Sweet’. Under the 30% shade cloth the marketability ranged from 59 to 70% which is 
higher than the range of 30 to 52% reported by Selahle et al. (2015) or 50% reported by 
Mashabela et al. (2015) for colored bell peppers grown under a 25% shade cloth within a high 
tunnel in South Africa. Both of those studies were comparing yield response under 25% black 
shade cloth to other colors of shade cloth (pearl, red, and yellow) which had fruit marketability 
ranges from 45 to 95% (Selahle et al., 2015) and 70 to 83% (Mashabela et al., 2015).  
The use of 50% shade cloth greatly reduced the incidence of sunscald on fruit compared 
to the no shade treatment; however, the rate of sunscald did not exceed 3% for any shade 
treatment, which is likely not economically damaging. The rate of sunscald also did not exceed 
3% on fruit of the seven cultivars evaluated. Damage from sunscald may be more critical in open 
field conditions with losses from sunscald that were shown to be as high as 49% on red bell 
peppers (Day, 2010). Both Day (2010) and Díaz-Pérez (2014) have demonstrated the role of 
shade cloth in reducing sunscald incidence on colored bell peppers grown in open field 
conditions. The shading afforded by the polyethylene film of a high tunnel may offer enough 
reduction in irradiance to keep the overall incidence of sunscald low. Additionally, the incidence 
of sunscald will likely remain low as long as plant health is maintained to provide adequate 
foliage cover (Coolong et al., 2019).  
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Losses due to BER in our study ranged from 1 to 17% as compared to values reported by 
Coolong et al. (2019) who observed losses due to BER from 9 to 27% in sweet bell peppers 
harvested at the mature green stage in open-field conditions. Although there was an interaction 
between shade and cultivar rates of BER averaged 8, 4, and 5% under no, 30%, and 50% shade 
cloth, respectively. The slight increase in BER incidence between 30 and 50% shade cloth may 
be attributed to preferential accumulation of Ca by leaves compared with fruit due to increased 
canopy growth (Taylor and Locascio, 2004) as a result of decreased light levels due to shade 
treatments. Marcelis and Ho (1999) reported that BER was positively correlated to growth rate of 
pepper; however, our results did not align with this finding as plant growth trended down with 
increased shading but BER was highest under the no shade cloth treatment. The use of shade 
cloth may have aided in reducing leaf transpiration and water loss which has been shown to 
result in more balanced distribution of Ca between fruit and leaves under shaded treatments 
(Möller and Assouline, 2007), thus reducing BER. Management of BER in Midwest bell pepper 
production should focus on irrigation, fertility management, and cultivar selection which can be 
more cost-effective alternatives to shade cloth application. In general, the cultivar ‘Sirius’ had a 
high incidence of BER, which may be a consideration for growers who have previously 
struggled with calcium management in pepper production. 
The size of marketable fruit was affected by an interaction among shade and cultivars. 
For several cultivars, fruit size was lowest under the 30% shade treatments. This observation is 
in contradiction with Díaz-Pérez (2014) who observed an improved fruit weight under shade 
conditions up to 47% with the effect leveling off under additional shading. The size of fruit 
found observed by Díaz-Pérez (2014) did not exceed 150 g, while all cultivars in our study, 
except for ‘Tequila’, had average weights over 178 g regardless of shade treatment. The cultivars 
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‘Archimedes’, ‘Red Knight’, and ‘Sirius’, and ‘Summer Sweet’ had larger fruit sizes than the 
remaining cultivars, which may be an important consideration for growers based on their market 
outlet. 
The fruit SSC values found in our study were higher than those observed by Díaz-Pérez 
(2014) or Mashabela (2015), but were similar to values found by Kong et al. (2013) in sweet bell 
peppers that were red or yellow in color. Selahle (2015) observed SSC values that were similar 
to ours in red peppers, but reported lower SSC values for the yellow peppers in their study; Díaz-
Pérez (2014) did not see a clear divide in SSC by pepper color between yellow and red. SSC was 
not affected by shade in our research, but Díaz-Pérez (2014) observed a linear decrease in SSC 
of fruit as shade level increased. Kong et al. (2013) compared the effect of 35% pearl shade cloth 
versus 35% black shade cloth and found no effect on SSC; however, as the harvest season 
progressed, TTA was higher in fruit grown under black versus pearl shade cloth. The TTA 
values we observed were similar to those found by both Mashabela (2015) and Selahle (2015); 
however, we did not observe any differences in TTA among shade cloth treatments. In terms of 
cultivars, our findings align with those of Díaz-Pérez (2014); it appears cultivar differences in 
SSC and TTA may not be directly linked to the color of the fruit. In our study the SSC:TTA ratio 
was higher under no shade conditions as compared to fruit grown under 30% shade cloth. 
Unfortunately, Díaz-Pérez (2014) did not collect TTA on fruit under varying degrees of shade 
treatment. Mashebela et al. (2015) found an SSC:TTA ratio of 25 in fruit grown under 25% black 
shade cloth, which was lower than the SSC:TTA ratio of fruit grown under yellow shade cloth, 
but higher than fruit grown under pearl or red cloth which the authors attributed to the effect of 
increased cumulative air temperature under the yellow nets. 
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Chlorophyll indices (SPAD readings) are used as an indirect estimate of leaf chlorophyll 
and N concentrations (Díaz-Pérez, 2013). There was no difference in SPAD readings among 
shade treatments on any sampling date within either year of our research, and this is contrary to 
results obtained by Díaz-Pérez (2013) who saw a linear decrease in SPAD readings with 
increasing shade values. However, Díaz-Pérez (2013) also demonstrated the role that leaf 
thickness may play in the outcome of SPAD readings as plants grown under shaded conditions 
generally have larger, but thinner leaves. When SPAD readings are normalized using their 
specific leaf weight, the values increase slightly as shade level increases Díaz-Pérez (2013). 
Plants grown under low light conditions undergo morphological adaptations including 
greater foliage surface area, increased specific leaf area (leaf dry weight/leaf area), thinner 
leaves, and taller stems (Larcher, 1995). These responses were demonstrated in peppers by Díaz-
Pérez in 2013 who showed an increase in plant height, plant leaf area, and individual leaf area 
with increase shading and a linear decrease in the number of leaves per plant with increased 
shading. Day (2010) also found a decrease in the number of leaves per plant and increased plant 
leaf area and individual leaf area under 30% shade cloth compared to open-field conditions. Our 
results were somewhat contradictory to these two studies as we did see an increase in plant 
height and individual leaf area under increased shading, but shoot biomass, the number of leaves 
per plant, and the total leaf area per plant were not different. The lack of a response to shade 
treatments may be attributed to the low number of replications and the high amount of plant 
variability within treatments. Cultivar differences existed for all plant growth response variables 
with ‘Sirius’ and ‘Archimedes’ having increased shoot biomass and total leaf area, and ‘Summer 
Sweet’ having increased shoot biomass and plant height compared to the other cultivars – 
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indicating that plant spacing and staking should be considered to optimize production of these 
cultivars. 
A benefit of our study was the application of whole tunnel shade cloth treatments as 
compared to shading only a portion of the high tunnel in order to assign two treatments within 
one high tunnel. Our method serves as the best representation of on-farm methods where farmers 
are likely to shade an entire high tunnel. However, use of this method meant that six high tunnels 
were necessary in order to have two replications of the three shade treatments. The variable 
“year” and all subsequent interactions were considered random whenever an interaction did not 
exist in order to improve the ability to detect differences that may not have become apparent 
when variability was attributed to these terms. Future examination of shade treatments for the 
Midwest should still be conducted within whole tunnels but replication over more than two years 
may be necessary to balance application of multiple shade treatments while increasing the 
degrees of freedom available to detect treatment differences. 
 
Conclusions 
Management of excess heat within high tunnels will remain a challenge for producers, 
but tools used to manage high temperatures should not come at the sacrifice of yield or fruit 
quality. Our study demonstrates that the use of black woven shade cloth above 30% light 
reduction is not appropriate in Midwest production systems. The use of lower light reduction 
(10% or 20%) should be examined; however, it is also important to assess if the level of damage 
from sunscald, BER, or other biotic disorders is high enough to warrant action. Bell peppers are 
sensitive to both high temperatures and shading, so management strategies that focus on 
ventilation of the high tunnel system without reducing light levels may be more beneficial for 
Midwest high tunnel producers. Our study is a first step in forming research-based 
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recommendations for shade cloth use on Midwest high tunnels for colored bell pepper 
production, and future research should: (1) examine lower levels of light reduction, (2) test 
photo-selective shade cloths as an alternative to black, and (3) identify the optimum time of year 
or temperature threshold for shade cloth placement and removal. 
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Table 4.1. Results of soil tests from samples collected at time of planting in 2017 and 2018 for 












    
2017 
   
Block 1y       
      No shade 4.5 21.9 7.5 111 334 3183 611 
      30% shade 4.7 20.5 7.4 108 328 2952 591 
      50% shade 4.7 21.4 7.3 100 294 3162 583 
Block 2        
      No shade 3.8 17.8 7.1  41 193 2741 437 
      30% shade 3.2 16.4 7.2  33 143 2474 442 
      50% shade 3.1 16.9 7.4  31 140 2582 430 
    
2018 
   
Block 1       
      No shade 4.0 25.9 7.3 164 377 4063 830 
      30% shade 4.7 26.9 7.2 211 497 4195 840 
      50% shade 4.7 28.3 7.1 241 523 4351 914 
Block 2        
      No shade 3.0 21.2 7.2  69 224 3362 687 
      30% shade 3.8 22.0 7.2  84 293 3536 666 
      50% shade 3.8 21.5 7.2  79 211 3354 730 
zSoil cores were collected to a depth of 15.2 cm and were a composite of five samples within 
each high tunnel. 













Table 4.2. Schedule of major field operations and data collection events for seven colored bell pepper cultivars grown in 
six high tunnels at the Iowa State University Horticulture Research Station, Ames, IA in 2017 and 2018.z 
 2017  2018 
Event Days after transplanting 
Fertilizer applicationsy 20, 21, 33, 49, 50, 60, 74, 90, 104 12, 18, 26, 40, 45, 52, 80 
Placement of shade cloth 34 47 
Insecticide applicationsx 51 71, 75, 110 
Harvest 55, 62, 69, 76, 83, 90, 97, 104, 111, 118, 
125, 132, 139, 146, 153 
56, 70, 77, 84, 91, 98, 105, 112, 119, 126, 
133, 140, 147, 154 
SPAD data collection 64, 120, 153 49, 77, 105, 139, 153 
Fruit collected for SSC, pH, and 
TTA analysis 
111 112 
Plant height measuredw 154, 159 159 
Sample collection for leaf area 
and biomass measurementsw 
153, 154, 158, 159 159, 160 
zBell pepper cultivars in the study were ‘Archimedes’, ‘Delirio’, ‘Flavorburst’, ‘Red Knight’, ‘Sirius’, ‘Summer Sweet’, 
and ‘Tequila’. 
yNature’s Source Professional Plant Food 10-4-3. Additional fertilizer applications to correct Mg deficiency are not 
included here, but are detailed in the text. 
xDiPel PRO DF (Bacillus thuringiensis subspecies kurstaki, strainABTS-351). 





  Table 4.3. Mean irradiance reduction (%) for no, 
30%, and 50% shade cloth treatments as 
compared to full-sun, outdoor conditions. 
Data were recorded 12 July – 23 Sept. 2017 
and 2018 during a study of seven colored 
bell pepper cultivars grown in six high 
tunnels at the Iowa State University 
Horticulture Research Station, Ames, IA.z 
 Irradiance reduction (%)y 
Shade treatment 2017 2018 
No shade   16.2 bx 17.5 b 
30% shade 53.3 a 45.9 a 
50% shade 65.3 a 63.9 a 
zBell pepper cultivars in the study were 
‘Archimedes’, ‘Delirio’, ‘Flavorburst’, ‘Red 
Knight’, ‘Sirius’, ‘Summer Sweet’, and 
‘Tequila’. 
yIrradiance was recorded every 1HR with Hobo 
Pendant® Temperature/Light data loggers 
secured on top of posts at 100 cm above the soil. 
xMeans within the same column followed by the 
same letter are not different according to the 
unrestricted least significant difference 







Table 4.4. Mean minimum, average, and maximum air and soil temperature (⁰C) for outdoor and no, 30%, and 50% shade cloth environmental conditions. Data 
were recorded 12 July – 23 Sept. 2017 and 2018 during a study of seven  colored bell pepper cultivars grown in six high tunnels at the Iowa State University 
Horticulture Research Station, Ames, IA.z 
 2017 2018 
Month Air temperature (⁰C)y Soil temperature (⁰C)x Air temperature (⁰C) Soil temperature (⁰C) 
     Shade treatment Min. Avg. Max. Min Avg. Max Min Avg. Max Min Avg. Max. 
July             
     Outside   17.8 bw   27.8 ab   43.3 ab 23.2 a 24.9 a 26.5 a 15.7 b 26.5 b 44.4 a 23.7 a 25.3 a 27.1 a 
     No shade 18.1 a 28.6 a 44.8 a 21.5 b 21.8 b 22.1 b 16.2 a 27.6 a 45.6 a 22.0 b 22.6 b 23.2 b 
     30% shade 18.2 a   27.2 bc   40.3 bc 21.4 b 21.7 b 21.6 b   16.1 ab 26.1 b 41.3 b   21.5 bc 21.9 b 22.4 b 
     50% shade 18.1 a 26.7 c 38.5 c 20.9 b 21.2 b 22.0 b 16.2 a 25.2 c 38.7 c 20.8 c 21.3 b 21.9 b 
August             
     Outside 13.4 b   23.3 ab   39.3 ab 19.8 a 21.4 a 22.9 a 16.3 b 24.9 b 39.5 b 22.4 a 23.5 a 24.8 a 
     No shade 13.8 a 24.3 a 41.7 a 19.8 a   20.1 ab   20.4 ab 16.6 a 25.8 a 41.1 a 21.1 b 21.6 b 22.1 b 
     30% shade 13.9 a 22.8 b   36.5 bc 19.2 a 19.5 b 19.8 b 16.6 a 24.8 b 37.6 c   20.7 bc   21.2 bc   21.6 bc 
     50% shade 13.8 a 22.2 b 34.2 c 19.9 a   20.1 ab   20.4 ab 16.6 a 24.0 c 35.5 d 20.1 c 20.5 c 21.0 c 
September             
     Outside 13.0 a   22.8 ab   39.2 ab 18.1 a 19.4 a 20.8 a 14.7 b 22.5 b 36.7 b 20.6 a 21.6 a 22.9 a 
     No shade 12.9 a 24.1 a 43.1 a 18.7 a 19.0 a 19.3 a 15.1 a 23.5 a 38.6 a 20.1 b 20.5 b 20.9 b 
     30% shade 13.1 a   22.6 ab   37.8 ab 18.2 a 18.5 a 18.8 a 15.1 a 22.4 b 34.9 c 19.9 b   20.2 bc 20.6 b 
     50% shade 13.1 a 21.8 b 34.2 b 18.3 a 19.1 a 19.4 a 15.1 a 21.7 c 32.4 d 19.3 c 19.6 c 20.1 b 
zBell pepper cultivars in the study were ‘Archimedes’, ‘Delirio’, ‘Flavorburst’, ‘Red Knight’, ‘Sirius’, ‘Summer Sweet’, and ‘Tequila’. 
yAir temperature (⁰C) was recorded every 1HR with Hobo Pendant® Temperature/Light data loggers secured on top of posts at 100 cm above the soil. 
xSoil temperature (⁰C) was recorded every 1HR with Hobo Pendant® Temperature/Alarm data loggers buried 15.24 cm below the soil surface. 
















































Table 4.5. Effects of shade and cultivar on mean marketable fruit per plant, 
(no. and wt.) and mean total fruit per plant (wt.) from seven bell pepper 
cultivars grown with no, 30%, and 50% shade cloth at the Iowa State 
University Horticulture Research Station, Ames, IA in 2017 and 2018.zy 
 Marketable fruit per plant Total fruit per plant 
Treatment no. of fruit wt. (kg) wt. (kg) 
Shade    
      No shade     7.7 ax 1.4 a 2.7 a 
      30% shade     5.9 ab   1.1 ab   2.0 ab 
      50% shade   5.2 b 1.0 b 1.8 b 
Cultivar    
      Archimedes   5.1 c 1.2 a 2.2 a 
      Delirio     6.0 bc 1.1 a 2.1 a 
      Flavorburst   6.4 b 1.1 a 2.1 a 
      Red Knight   5.0 c 1.1 a 2.1 a 
      Sirius   4.8 c 1.1 a 2.1 a 
      Summer Sweet   4.8 c 1.0 a 2.1 a 
      Tequila 11.6 a 1.3 a 2.3 a 
zData were pooled across years as there were no significant shade (S) x year 
(Y), cultivar (C) x Y, or C x S x Y interactions (P ≤ 0.05) for marketable 
fruit per plant, (no. and wt.) or total fruit per plant (wt.). For all previously 
stated variables, there were also no S x C interactions (P ≤ 0.05). 
yHarvest occurred 15 times 5 July – 11 Oct. 2017 and 14 times 28 June – 4 
Oct. 2018. 
xMeans within the same column and treatment followed by the same letter 
are not different according to the unrestricted least significant difference 


























Table 4.6. Effect of cultivar by shade treatment on mean total fruit per plant (no.) and mean percent 
marketable fruit [no. (%)] from seven bell pepper cultivars grown with no, 30%, and 50% shade cloth 
at the Iowa State University Horticulture Research Station, Ames, IA in 2017 and 2018.zy 
 Total fruit per plant (no. of fruit) Percent marketable fruit [no. (%)]x 
Cultivar No shade 30% shade 50% shade No shade 30% shade 50% shade 
Archimedes   10.4 bw   7.8 b   6.6 c   62.5 ab 64.6 a 62.5 a 
Delirio 11.6 b   9.0 b     7.3 bc   67.2 ab 68.6 a 57.8 a 
Flavorburst 11.0 b   9.3 b   7.9 b 70.6 a 61.9 a 71.0 a 
Red Knight   9.5 b   7.1 b   5.7 c   68.7 ab 70.1 a 70.2 a 
Sirius   9.6 b   8.0 b     7.0 bc   59.0 ab 62.3 a 60.6 a 
Summer Sweet 10.3 b   7.9 b   5.8 c 53.1 b 64.9 a 62.1 a 
Tequila 23.8 a 18.7 a 15.3 a   61.2 ab 58.5 a 66.4 a 
z Data were pooled across years as there were no significant shade (S) x year (Y), cultivar (C) x Y, or C x 
S x Y interactions (P ≤ 0.05) for total fruit per plant (no.) or percent marketable fruit no. There was a 
significant S x C interaction for total fruit per plant (no.) (P = 0.0135) and percent marketable fruit no. (P 
= 0.0501). 
yHarvest occurred 15 times 5 July – 11 Oct. 2017 and 14 times 28 June – 4 Oct. 2018. 
xPercent marketable fruit [no. (%)] = No. of marketable fruit per plant / Total no. of fruit per plant. 
wMeans within the same column followed by the same letter are not different according to the 















































Table 4.7. Effect of cultivar and shade treatments by year 
on mean percent marketable fruit [wt. (%)] from 
seven bell pepper cultivars grown with no, 30%, and 
50% shade cloth at the Iowa State University 
Horticulture Research Station, Ames, IA in 2017 and 
2018.zy 
 Percent marketable fruit [wt. (%)]x 
Treatment 2017 2018 
Shade   
      No shade 42.3 a 71.3 a 
      30% shade 42.6 a 75.0 a 
      50% shade 43.3 a 73.2 a 
Cultivar   
      Archimedes 41.4 a     71.2 abc 
      Delirio 43.6 a     73.0 abc 
      Flavorburst 42.4 a   76.3 ab 
      Red Knight 44.9 a   78.4 ab 
      Sirius 41.0 a   67.7 bc 
      Summer Sweet 44.4 a 63.7 c 
      Tequila 41.2 a 82.0 a 
zThe year (Y) x cultivar (C) interaction was significant (P 
= 0.0494); however, there was no C x shade (S) 
interaction within either Y (P ≤ 0.05). 
yHarvest occurred 15 times 5 July – 11 Oct. 2017 and 14 
times 28 June – 4 Oct. 2018. 
xPercent marketable fruit [wt. (%)] = Wt. of marketable 
fruit per plant / Total wt. of fruit per plant. 
wMeans within the same column and treatment followed 
by the same letter are not different according to the 
















































Table 4.8. Effect of cultivar and shade 
treatments on mean incidence (%) 
of sunscald on fruit collected from 
seven bell pepper cultivars grown 
with no, 30%, and 50% shade 
cloth at the Iowa State University 
Horticulture Research Station, 
Ames, IA in 2017 and 2018.zy 
Treatment Sunscald (%)x 
Shade  
      No shade   2.9 aw 
      30% shade   2.2 ab 
      50% shade 1.2 b 
Cultivar  
      Archimedes 2.6 a 
      Delirio 2.3 a 
      Flavorburst 2.4 a 
      Red Knight 1.8 a 
      Sirius 2.6 a 
      Summer Sweet 2.3 a 
      Tequila 1.0 a 
zData were pooled across years as 
there were no significant shade (S) x 
year (Y), cultivar (C) x Y, or C x S x 
Y interactions (P ≤ 0.05). There was 
also no S x C interaction (P ≤ 0.05). 
yHarvest occurred 15 times 5 July – 11 
Oct. 2017 and 14 times 28 June – 4 
Oct. 2018. 
xSunscald incidence (%) = No. of fruit 
with sunscald / Total no. of fruit. 
wMeans within the same column and 
treatment followed by the same letter 
are not different according to the 
unrestricted least significant 















































Table 4.9. Effect of cultivar by shade treatment on mean 
incidence (%) of blossom end rot (BER) on fruit collected 
from seven bell pepper cultivars grown with no, 30%, and 
50% shade cloth at the Iowa State University Horticulture 
Research Station, Ames, IA in 2017 and 2018.zy 
 BER (%)x 
Cultivar No shade 30% shade 50% shade 
Archimedes     6.0 bw   3.2 ab 5.0 a 
Delirio   10.7 ab   5.3 ab 4.4 a 
Flavorburst   2.7 b   4.4 ab 3.0 a 
Red Knight   4.9 b   4.3 ab 6.3 a 
Sirius 16.8 a 8.2 a 8.6 a 
Summer Sweet   11.2 ab   3.9 ab 6.0 a 
Tequila   2.1 b 1.2 b 1.0 a 
z Data were pooled across years as there were no significant 
shade (S) x year (Y), cultivar (C) x Y, or C x S x Y interaction 
(P ≤ 0.05). There was a significant S x C interaction (P = 
0.0180). 
yHarvest occurred 15 times 5 July – 11 Oct. 2017 and 14 times 
28 June – 4 Oct. 2018. 
xBER incidence (%) = No. of fruit with BER / Total no. of fruit. 
wMeans within the same column followed by the same letter are 
not different according to the unrestricted least significant 




Table 4.10. Effect of cultivar by shade treatment on mean size of 
marketable fruit from seven bell pepper cultivars grown with no, 
30%, and 50% shade cloth at the Iowa State University Horticulture 
Research Station, Ames, IA in 2017 and 2018.zy 
 Size of marketable fruit (g)x 
Cultivar No shade 30% shade 50% shade 
Archimedes   231.8 aw   213.4 ab  243.1 a 
Delirio 178.9 c   186.3 bc    189.2 bc 
Flavorburst   181.6 bc 166.8 c 178.4 c 
Red Knight 221.3 a 231.5 a  237.7 a 
Sirius 217.7 a   212.8 ab    228.8 ab 
Summer Sweet   207.0 ab 221.0 a     198.0 abc 
Tequila 106.3 d 108.6 d 115.3 d 
z Data were pooled across years as there were no significant shade (S) x 
year (Y), cultivar (C) x Y, or C x S x Y interaction (P ≤ 0.05). There was 
a significant S x C interaction (P = 0.036). 
yHarvest occurred 15 times 5 July – 11 Oct. 2017 and 14 times 28 June – 
4 Oct. 2018. 
xSize = Wt. of marketable fruit / No. of marketable fruit. 
wMeans within the same column followed by the same letter are not 
different according to the unrestricted least significant difference 







Table 4.11. Effect of cultivar and shade treatments on mean soluble solids 
concentration (SSC), pH, total titratable acidity (TTA), and SSC:TTA of 
fruit from seven bell pepper cultivars grown with no, 30%, and 50% shade 
cloth at the Iowa State University  Horticulture Research Station, Ames, IA 
in 2017 and 2018.zy 






Shade     
      No shade   6.9 ax 5.1 a 0.22 a 33.0 a 
      30% shade 7.0 a 5.2 a 0.23 a 31.5 b 
      50% shade 7.1 a 5.1 a 0.22 a   33.1 ab 
Cultivar     
      Archimedes   8.0 ab 4.9 c 0.27 a 30.0 c 
      Delirio   7.2 cd   5.0 bc   0.24 bc 29.7 c 
      Flavorburst   7.4 bc   5.0 bc   0.26 ab 28.9 c 
      Red Knight   7.1 cd   5.0 bc     0.25 abc 28.8 c 
      Sirius 6.8 d 5.1 b 0.21 d 33.0 b 
      Summer Sweet 8.4 a 5.1 b 0.24 c 35.8 b 
      Tequila 4.3 e 5.8 a 0.10 e 41.5 a 
zSSC, pH, TTA, and SSC:TTA data were log-transformed to satisfy the 
homogeneity of variance and normality assumptions of ANOVA. Data were 
back-transformed for presentation of means. Data were pooled across years as 
there were no significant shade (S) x year (Y), cultivar (C) x Y, or C x S x Y 
interactions (P ≤ 0.05) for SSC, pH, TTA, or SSC:TTA. For all previously 
stated variables, there were also no S x C interactions (P ≤ 0.05). 
yFully ripe fruit were harvested 111 days after transplanting (DAT) in 2017 
and 112 DAT in 2018, and one marketable fruit per plot was selected for 
analysis (n = 126). 
xMeans within the same column and treatment followed by the same letter are 
not different according to the unrestricted least significant difference 







Table 4.12. Effect of cultivar and shade treatments on mean SPAD readings collected 64, 120, and 153 days after transplanting 
(DAT) in 2017 and 49, 77, 105, 139, and 153 DAT in 2018 during a study of seven colored bell pepper cultivars grown in six  
high tunnels at the Iowa State University Horticulture Research Station, Ames, IA.zy 
 DAT in 2017  DAT in 2018 
Treatment 64 120 153  49 77 105 139 153 
Shade          
      No shade   52.9 ax 52.2 a 53.4 a  54.7 a 51.2 a 52.4 a 58.5 a 54.6 a 
      30% shade 52.7 a 52.1 a 53.3 a  55.8 a 52.5 a 54.6 a 57.2 a 58.1 a 
      50% shade 50.2 a 51.8 a 53.3 a  54.2 a 50.7 a 52.0 a 57.0 a 57.4 a 
Cultivar          
      Archimedes 53.9 a   54.0 ab   55.7 ab  52.7 c   52.0 bc 53.9 b 58.6 b   58.8 ab 
      Delirio   51.0 ab   51.9 bc   53.4 bc    53.9 bc     51.5 bcd   51.6 bc 56.3 c   57.1 ab 
      Flavorburst   49.7 ab 51.2 c 51.8 c  55.8 b   49.9 de 52.4 b   56.8 bc   56.5 ab 
      Red Knight 55.4 a 54.3 a 57.9 a  60.3 a 54.8 a 56.8 a 60.9 a 59.8 a 
      Sirius   53.1 ab     52.2 abc   52.6 bc    54.0 bc 52.8 b 53.5 b   57.6 bc 54.9 b 
      Summer Sweet   52.7 ab     52.1 abc     54.3 abc    54.8 bc     50.6 cde 53.6 b   59.1 ab 59.5 a 
      Tequila 47.7 b 48.5 d 47.7 d    53.0 bc 48.8 e 49.3 c 53.6 d 50.2 c 
zThere were no cultivar x shade interaction for any response variables (P ≤ 0.05). 
yAll six plants in each experimental unit were used for SPAD data collection (n = 756). Data was an average of five readings 
collected on the first, fully mature leaf on each plant.  
xMeans within the same column and treatment followed by the same letter are not different according to the unrestricted least 




Table 4.13. Effect of cultivar and shade treatments on mean plant height, shoot biomass, number of 
leaves per plant, leaf area per plant, and leaf size of seven colored bell pepper cultivars grown 
with no, 30%, and 50% shade cloth at the Iowa State University Horticulture Research Station, 






No. of leaves 
per plant 
Total leaf 




Shade      
      No shade     94.9 bw   95.2 a 250 a 8377 a 33.7 b 
      30% shade 107.4 a   89.9 a 218 a 7921 a   36.9 ab 
      50% shade 111.3 a 108.8 a 207 a 9341 a 44.9 a 
Cultivar      
      Archimedes 107.0 b 117.4 a   223 ab 9763 a 44.8 a 
      Delirio 104.8 b     87.0 bc   226 ab   7967 ab   37.0 bc 
      Flavorburst     99.5 bc    83.0 c   232 ab   8001 ab 34.0 c 
      Red Knight   96.5 c     86.8 bc 205 b   8029 ab   38.6 bc 
      Sirius   107.1 ab 108.7 a   231 ab 9588 a   41.2 ab 
      Summer Sweet 114.9 a 104.1 a 202 b 7678 b     39.6 abc 
      Tequila   101.8 bc     98.7 ab 257 a   8799 ab 34.6 c 
zBiomass data were log-transformed to satisfy the homogeneity of variance and normality 
assumptions of ANOVA. Data were back-transformed for presentation of means. Data were pooled 
across years as there were no significant shade (S) x year (Y), cultivar (C) x Y, or C x S x Y 
interactions (P ≤ 0.05) for plant height, shoot biomass, number of leaves per plant, leaf area per 
plant, or leaf size. For all previously stated variables, there were also no S x C interactions (P ≤ 
0.05). 
y11 Oct. 2017 and 9 Oct. 2018 were the conclusion of the research period for each season. End of 
season plant height, shoot biomass, and leaf area were collected over several days at the end of each 
season.  
xLeaf size (cm2) = Total leaf area per plant (cm2) / No. of leaves per plant. 
wMeans within the same column and treatment followed by the same letter are not different 
according to the unrestricted least significant difference procedure (α = 0.05). 
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Abstract 
Large-scale use of vegetable grafting is common in the southern region of the United 
States, but adoption has been slow in Midwestern states. This is slowly changing as small 
growers begin to utilize grafted plants, especially for tomatoes. With limited resources and 
growing space, a challenge growers face is creating optimum post-grafting healing conditions. 
The practice of blocking light for a period of 2 to 4 d while maintaining high humidity is widely 
adopted for successful graft union, but managing a complex healing chamber may be prohibitive 
for some growers. This research investigated a low-input healing method for grafted tomato 
transplants with specific focus on light and the use of propagation heat mats to regulate substrate 
and healing chamber air temperature during the 7-d healing process. We hypothesized that light 
exclusion is not necessary and that use of propagation heat mats would create optimum 
conditions for healing of grafted plants. ‘Cherokee Purple’ was used as the scion and ‘RST-04-
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106-T’ as the rootstock. This study was conducted in a greenhouse at Iowa State University in 
Ames, IA with two repetitions in 2017: 20 Jan. to 3 Mar. and 3 Mar. to 13 Apr. Plants were 
grown in 606 cell inserts, and treatments were laid out in a randomized split plot design with four 
replications and 36 plants per experimental unit. The whole plot factor was heat (propagation 
mats set at 26.67 °C or no propagation mat) and the subplot factor was light exclusion (0, 4, or 6 
d dark). Plants were grafted 3 weeks after seeding. Data collected from the time of grafting to 3 
weeks post-grafting included SPAD, plant survival percentage, scion stem diameter, and plant 
dry weight with environmental monitoring of substrate and air temperature, relative humidity 
(RH), vapor pressure deficit (VPD), and light intensity within the low-input healing chamber. 
The average air temperature for chambers on heat mats was 29 ℃, while no heat treatments 
averaged 21 ℃ during the 7 d post-grafting. The highest survival rate among the treatments was 
97% survival in the 0 d dark, no heat treatment, with survival decreasing to 84% in the 4 and 6 d 
dark, no heat treatments. Plant survival was 96% in the 0 d dark, heat treatment and 63% and 
45% for the 4 and 6 d dark treatments, respectively. Transplants grown in 0 d dark on the 
propagation heat mats had lower average SPAD as compared to plants in 6 d dark; plants within 
the no heat treatment showed no differences in SPAD readings among dark treatments. The scion 
stem diameter was largest for transplants grown in 0 d dark, but there was no difference in stem 
diameter for heat or no heat treatments. There were no differences among scion or rootstock 
biomasses as a result of either treatment. Overall, these results indicate that light exclusion may 
not be necessary for healing of grafted plants, and the use of propagation mats set at 26.67 ℃ to 
regulate substrate temperature may be detrimental to grafted transplant survival. This work 
contributes to the ongoing research to optimize low input healing methods that may be readily 




Grafted tomatoes (Solanum lycopersicum L.) have become an important production tool 
for vegetable growers within the United States (Grieneisen et al., 2018; Masterson et al., 2016a; 
Meyer, 2016; Rivard and Louws, 2008). Vegetable grafting of both solanaceous and cucurbit 
crops first emerged as an important method to overcome soil-borne diseases (Lee et al., 2010), 
and the practice of grafting has been adopted on a larger scale in the United States within the past 
two decades (Albacete et al., 2015; Kubota et al., 2008). Grafting has been shown to be an 
effective tool to increase farm profitability (Barrett et al., 2012; Rysin et al., 2015; Rysin and 
Louws, 2015), and benefits of vegetable grafting include increasing marketable yield, improving 
resistance to soil-borne disease, and overcoming adverse environmental conditions (Albacete et 
al., 2015; Kubota et al., 2008). 
Considering potential benefits of using grafted plants, the associated cost increase is a 
barrier to adoption for many growers (Rivard et al., 2010). Purchasing grafted transplants can 
cost approximately eight times more than using nongrafted plants (Rysin and Louws, 2015). 
However, grafting on-farm can reduce these costs significantly, and Rivard et al. (2010) found 
that grafted transplants could cost as low as $0.59 per plant after accounting for all costs 
associated with producing the plants on-farm. While more economic models are needed to 
represent a wide variety of situations, the decision to purchase grafted plants or conduct grafting 
on-farm is important for tomato growers (Rivard et al., 2010). In the case of small-scale 
producers, it has been found that they are more likely to graft their own transplants (Kubota et 
al., 2008). A survey of Midwest vegetable growers found that 47% of those surveyed would be 
interested in producing their own grafted plants (Masterson et al., 2016b; Meyer et al., 2017). In 
addition to the potential cost savings by producing their own grafted transplants, small-scale 
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vegetable growers can create the scion and rootstock combinations specific to their production 
needs and have greater flexibility in their planting schedule (Masterson et al., 2016b).  
Despite benefits offered by producing grafted plants on-farm, growers are still hesitant to 
graft their own plants, likely due to a lack of research-based information and training for how to 
graft transplants (Buajaila et al., 2018; Johnson and Miles, 2011). Midwest growers have 
expressed interest in learning more about using grafted vegetables on their farms (Masterson et 
al., 2016b; Meyer et al., 2017). Researchers are working to break down barriers to adoption of 
grafting and provide growers with improved recommendations for how to perform grafting and 
how to manage plants immediately post-grafting (Bausher, 2013; Buajaila et al., 2018; Johnson 
and Miles, 2011; Masterson et al., 2016b; Meyer et al., 2017). 
Tomatoes are considered an easy vegetable for growers to graft on-farm due to the 
simplicity of the splice grafting method and the high survival rate of transplants post-grafting 
(Baujaila et al., 2018).  When proper grafting techniques are used, grafted tomato survival after 
healing has been shown to exceed 97% (Bausher, 2013; Johnson and Miles, 2011). After testing 
90 rootstock-scion combinations, Hu et al. (2016) showed that proper grafting technique and 
healing conditions are the most important factors in graft success regardless of the scion and 
rootstock combination used. 
Splice grafting (tube grafting) is conducted when tomato transplants have two to four true 
leaves and the stems are 2 to 2.5 mm in diameter (Bie et al., 2017; Rivard and Louws, 2011) – 
typically this is between 14 and 21 d after seeding (Lee et al., 2010). The growing point of the 
rootstock is removed below the cotyledons at a 45 degree angle, and a scion with matching stem 
size is cut at the same angle and joined to the rootstock with a silicone grafting clip (Bie et al., 
2017; Lee et al., 2010; Rivard and Louws, 2011). A skilled worker can graft between 300 to 500 
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plants an hour using the splice grafting method (Kubota et al., 2008), making on-farm grafting 
for small-scale production a relatively expeditious process. However, the post-grafting healing 
process takes approximately 1 week and requires careful management of temperature, light 
levels, and RH (Bie et al., 2017; Lee et al., 2010; Rivard and Louws, 2011). 
Graft healing is the process of vascular tissue reconnection between the scion and 
rootstock (Fernandez-Garcia et al., 2004; Oda et al., 2005). The xylem and phloem vessels form 
through the graft union and are fully functional after 8 d (Fernandez-Garcia et al., 2004), 
although Turquois and Malone (1996) found most of the hydraulic function was restored by 5 d 
post-grafting. A strong union increases plant survival, while leading to more robust transplants at 
time of planting (Bausher, 2013; Oda et al., 2005). As vascular reconnection occurs, a high-
humidity environment is critical to reduce scion transpiration and water loss (Fernandez-Garcia 
et al., 2004; Turquois and Malone, 1996). Maintenance of this environment is achieved through 
the construction of a healing chamber with the purpose of reducing water stress in the scion 
while the graft union forms (Masterson et al., 2016b).  
Healing chamber designs vary greatly, but the general structure for medium to small-
scale operations is a rigid frame fully enclosed by plastic sheeting (Lee et al., 2010; Masterson et 
al., 2016b; Rivard and Louws, 2011). This plastic may be semi-transparent (Lee et al., 2010) or 
opaque (Bie et al., 2018; Rivard and Louws, 2011). Maintenance of humidity in the healing 
chamber is typically achieved through the use of commercial humidifiers (Masterson et al., 
2016b; Wei et al., 2018), filling the bottom of the chamber with water (Rivard and Louws, 2011; 
Masterson et al., 2016b), or misting of plants by hand using a spray bottle (Johnson and Miles, 
2011). The recommendation is that grafted transplants should be held at a high relative humidity 
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(RH) between 80 to 100% for at least the first 4 d post-grafting (Kubota et al., 2008; Louws and 
Rivard, 2011).  
Recent work by Wei et al. (2018) found that 97 to 98% RH is optimal for the healing for 
grafted tomatoes, and Buajaila et al. (2018) conducted a trial of small-scale healing chambers 
with a target rate of 100% RH that resulted in an actual average RH of 96 to 98% and the highest 
plant survival. However, Johnson and Miles (2011) saw a 96% survival rate of grafted tomatoes 
in a healing chamber with RH at 53%, but the chamber temperature averaged 23 to 25 ⁰C, which 
is lower than the conditions reported by Buajaila et al. (2018) and is lower than other common 
temperature recommendations.  
Suggestions for healing chamber air temperature vary by author with general vegetable 
graft healing recommended as 27 to 28 ⁰C (Kubota et al., 2008) and tomato graft healing 
recommended as 21 to 27 ⁰C (Rivard and Louws et al., 2011). Johnson and Miles (2011) suggest 
that tomato transplants may be more tolerant of a wider fluctuation in RH and temperature as 
compared to grafted watermelon and eggplant transplants. This flexibility in RH and temperature 
management is advantageous for small-scale growers who may not be able to tightly regulate the 
environmental conditions of a healing chamber that they construct themselves. 
Light levels within the healing chamber also play an important role in the graft healing 
process (Buajaila et al., 2018). Stomatal opening is limited by low light conditions (Rivard and 
Louws, 2011; Taiz and Zeiger, 2010) which aids in conservation of water, improving grafted 
plant survival (Jang et al., 2011). The inhibition of photosynthesis, while initially beneficial 
during graft healing (Hartmann and Kester, 2010; Rivard and Louws, 2011), can become 
detrimental if prolonged (Bie et al., 2017). Cell division, which leads to regeneration of vascular 
tissues and callus formation, requires photosynthetic activity (Hunter et al., 2004; Taiz and 
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Zeiger, 2010). Carbohydrates, produced through photosynthesis, are required for callus 
formation (Taiz and Zeiger, 2010), and the limitation of light within healing chambers means 
grafted plants are relying on stored carbohydrates during the healing process (Daley et al., 2014). 
While it is presumed that increasing stored carbohydrates prior to grafting could improve plant 
survival especially in no and low-light healing conditions, Buajiala et al. (2018) points out that 
this area of research has not been explored. Given the role of photosynthesis and carbohydrates 
in graft union formation, Nobuoka et al. (2005) offered support for the presence of light during 
healing as they found grafted tomato survival increased with the rate of photosynthetic activity.  
Most early recommendations for healing of grafted vegetable transplants included 
blocking all light within the chamber for the first 2 to 4 d post-grafting (Hartmann and Kester, 
2010; Louws and Rivard, 2011) although Kubota et al. (2008) suggests the use of low-light 
conditions versus complete light exclusion. In recent years, the standard for healing chamber 
management has moved away from completely blocking light within the chamber for any period 
of time but instead focused on varying methods for achieving and maintaining low-light 
conditions (Buajaila et al., 2018; Johnson and Miles, 2011; Masterson et al, 2016b; Meyer et al., 
2017). Masterson et al. (2016b) used 55% and 70% light-reducing shade cloth materials to cover 
clear healing chambers for a period of 5 d before partial removal began. Meyer et al. (2017) used 
three layers of 50% light-reducing shade cloth over chambers for the first 3 d post-grafting, and 
layers were removed until by d 7 all shade cloth had been removed; the authors took the 
additional step of hanging 50% shade cloth across the rafters of the greenhouse. Johnson and 
Miles (2011) used a shade cloth that blocked 73% of photosynthetically active radiation (PAR), 
removing the shade cloth for brief periods on d 5 through 7 and completely on d 8 post-grafting. 
Buajaila et al. (2018) tested the effect of available light reduced to 0, 25, and 50% in small-scale 
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healing chambers by using a combination of layers of paper and row cover to reduce light levels 
as compared to ambient conditions within a greenhouse followed by acclimation to greenhouse 
conditions over the 3 to 8 d post grafting. They suggested that the management of RH may be 
more important than the strict management of light level; furthermore, the authors showed that 
the 0% available light treatment decreased plant survival and is not optimal for grafted tomato 
survival (Buajaila et al., 2018). 
Considering the varied recommendations on chamber design and management of air 
temperature and light levels, the purpose of this study was to evaluate the effect of these two 
parameters on transplant growth and survival in a healing structure assembled using relatively 
few materials. The design of light treatments was based on past and evolving recommendations 
for healing chamber management previously outlined. Specifically, we were interested in the 
possibility of no light reduction to successfully heal grafted tomatoes in small-scale healing 
chambers. We took a novel approach to graft transplant temperature management by comparing 
treatments placed on propagation mats compared to ambient conditions. Overall, this research 
was designed to reflect conditions similar to small-scale farms where growers perform their own 
grafting. Our healing structures and environmental management treatments were intended to be 
simple, space-saving designs that could be easily adopted by growers if proven effective. 
 
Materials and Methods 
Experimental design 
This study was conducted in the Horticulture greenhouses at Iowa State University in 
Ames, IA. The experimental design was a randomized complete split plot design conducted in 
two repetitions over time with four blocks nested in each repetition. Heat was the whole plot 
(two treatments) and dark was the subplot factor (three treatments) for a total number of 24 
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experimental units within each repetition. Each experimental unit contained 36 individual grafted 
plants. Heat treatments were heat and no heat and the dark treatments were 0, 4, and 6 d dark as 
detailed in the following section.  
During the experiment, 1000-W high-pressure sodium bulbs (AgroMax, Summerdale, 
AL) mounted in a fixture with Maxima reflectors (PLX; P.L. Light Systems Inc., Beamsville, 
Ontario, Canada) with a 16 h photoperiod (6:00 to 22:00HR) provided supplemental light within 
the greenhouse. Temperature set points for the greenhouse were 20 to 22 ⁰C (6:00 to 22:00HR) 
and 17 to 19 ⁰C (22:00 to 6:00HR). All environmental parameters within the greenhouse were 
managed by computer automation (Argus; Surrey, British Columbia, Canada). The study was 
repeated two times in 2017: 20 Jan. to 3 Mar. and 3 Mar. to 13 Apr.  
 
Healing chamber design and management 
The grafted transplants were grown in 606 standard inserts (T.O. Plastics, Clearwater, 
MN) that were placed directly on capillary matting. Six sets of inserts were set together in a two 
by three configuration to mimic the layout of being set in a 1020 standard tray. Transplants in all 
treatments were covered with clear humidity domes [length 21.5 inches x width 11 inches x 
height 2.1 inches (STF-1020-CLEAR-DOME; T.O. Plastics)] until 7 d post-grafting. 
To apply the whole plot factor of heat treatments, half of the transplants were placed on 
propagation mats [length 60 inches x width 22 inches (PM-9A; Pro-Grow Supply, Brookfield, 
Wisconsin)] connected to a thermostat (GC-4 Gro-control; Pro-Grow Supply, Brookfield, 
Wisconsin) with a set-point of 26.67 ⁰C. No heat treatments indicated healing chambers that 
remained on the greenhouse bench in ambient conditions.  
Each set of whole plot (heat or no heat) treatments was placed on a section of Scoreboard 
insulation [ length 6 feet x width 24 inches x depth 1 inch (124061; Dow, Midland, MI)]; this 
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was done to mediate temperatures among treatments and ensure equal distribution of heat 
through the heating mats. During graft healing, substrate moisture was regulated using capillary 
matting [ length 54 inches x width 21 inches x thickness 1/16 inches (40-385; Gardener’s Supply 
Company, Burlington, VT)] in order to avoid overhead watering and damage to the grafted 
transplants. The capillary matting was placed on top of the insulation board. All 606 packs were 
set directly on the capillary matting. One end of the capillary matting was placed in a 1020 
standard tray without drain holes which was refilled with water every other day during graft 
healing.  
To test the effect of number of days without light, three subplot (dark) treatments were 
assigned as follows: Two thirds of the experimental units were covered with an additional 
humidity dome painted completely black with an additional coat of aluminum paint to block all 
light (Krylon; Sherwin-Williams, Cleveland, OH) for 4 or 6 d. This design was based on a 
preliminary greenhouse study in 2016, after which time the additional layer of aluminum paint 
was added to reflect light and avoiding excess heat within the chambers. The light-blocking 
domes were removed at ~17:00HR on d 4 and 6 for each repetition of the study. 
 
Plant material, grafting, and healing 
‘Cherokee Purple’ (Johnny’s Selected Seeds, Winslow, ME) was selected as the scion as 
it represents an heirloom tomato that is commonly used by small-scale growers in Iowa (Lang 
and Nair, 2019). ‘RST-04-106-T’ (DP Seeds, Yuma, AZ), was selected as the rootstock as it had 
been used in prior research in combination with ‘Cherokee Purple’ (Lang and Nair, 2019). The 
use of a unique scion and rootstock for testing the effects of healing chambers was modeled after 
the method used by Meyer et al. (2017). 
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Scion and rootstock seeds were sown in 288-cell propagation trays (T.O. Plastics), and 
plugs were transplanted 12 d after seeding (DAS). Scions were transplanted into 72-cell trays 
(T.O. Plastics) and rootstocks were transplants into 606 standard inserts. All trays and cell packs 
were filled with a soilless potting mix (Metro Mix 360; Sun Gro Horticulture, Agawam, MA). 
Prior to grafting, plants were watered as needed and fertilized twice using a water-soluble 
fertilizer (15-5-15 Peters Excel® Multi-Purpose and Cal-Mag; Everris International, 
Geldermalsen, The Netherlands) with N at 150 mg.L–1 concentration. Modeled after Buajaila et 
al. (2018), water was reduced the day prior to grafting to reduce the amount of xylem sap being 
exuded from the rootstock stems due to high root pressure. 
Grafting occurred 21 DAS for both repetitions (10 Feb. and 24 Mar. 2017) when the stem 
diameters were appropriate for splice grafting. Tomatoes were grafted using the splice grafting 
method (Lee et al., 2010). The rootstock stem was cut at a 45⁰ angle below the cotyledon. The 
scion stem was cut at the same angle above the cotyledon. No true leaves were trimmed or 
removed from any of the grafted plants. The two stems were joined and held in place with a 2 
mm silicone grafting clip (Johnny’s Selected Seeds, Winslow, ME). Grafting was completed in a 
climate-controlled room with a temperature of ~22.2 ⁰C. Once all plants in a 606 pack were 
grafted, the plants were hand-misted with a spray bottle, the pack was placed in a 1020 standard 
flat [ length 21.4 inches x width 27.8 inches x depth 2.4 inches (T.O. Plastics)] and covered with 
a clear humidity dome until all plants had been grafted (144 packs, 864 plants). Grafting was 
completed in 4.5 and 3.5 hours for repetitions one and two, respectively. After completion of 
grafting, all plants were moved to the greenhouse for assignment to healing chamber treatments. 
Plants were grafted by five trained individuals. To prevent the confounding factor of 
multiple grafters, each grafter placed an identifying sticker on each 606 pack they completed. 
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606 packs completed by the same grafter were assigned uniformly across treatments within 
blocks.  
The day when grafting occurred was considered d 0 post-grafting. On d 1 to 5 during 
each run of the study, each healing chamber was briefly opened, and plants were misted daily 
using a hand-held spray bottle to aid in maintaining high RH. On d 7 post-grafting, the clear 
humidity domes were removed from all treatments at ~8:00HR, returning transplants to ambient 
greenhouse conditions. The transplants remained in the greenhouse until 21 and 19 d post-
grafting for repetitions one and two of the experiment, respectively. The capillary matting was 
used to maintain substrate moisture during the remainder of the study period. Plants were 
fertilized once prior to termination with the same water-soluble fertilizer described previously at 
a rate of 300 mg.L–1 N. 
 
Environmental monitoring 
Air temperature, RH, and VPD were recorded every 15 min by thermistors (DHT22; 
Adafruit Industries LLC, New York, NY) connected to a microcontroller (Mega 2560; Arduino, 
Somerville, MA). Substrate temperature was recorded every 15 min by soil-based thermocouples 
(DS18B20; Maxim Integrated Products, Sunnyvale, CA) connected to the same microcontroller 
mentioned above. All data were recorded on SD cards which were exported to a laptop computer 
daily. The authors conducted all assembly and programming of the above environmental 
monitoring units. One temperature/RH/VPD sensor and one substrate sensor were placed inside 
each healing chamber for three of four blocks for each run of the study.  
Light intensity was recorded every 15 min with data loggers (Hobo Pendant; Onset 
Computer Corporation, Bourne, MA) placed on the substrate surface inside each healing 
chamber within all four blocks. Two additional data loggers were used to record general 
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greenhouse conditions – the sensors were placed on the bench and collected light and 
temperature data. 
 
Grafted plant survival 
Graft survival was counted one time during the study modeled after the approach used by 
Masterson et al. (2016b). Plants were counted as survived if the scion leaves were completely 
turgid as defined by Johnson and Miles (2011). Data were collected on 12 and 11 d post-grafting 
for the two repetitions of the experiment, respectively. 
 
Plant growth parameters 
Stem diameter was measured at time of grafting and 14 d after grafting on 24 Feb. and 7 
Apr. 2017 for the two runs of the experiment, respectively. The same six plants for each 
experimental unit were used for both measurement dates (n = 144), and all plants measured were 
grafted by the same person. Stem diameter was measured using digital calipers (2YNC6 
Westward; Grainger Inc., Burr Ridge, IL). The calipers were placed even with the top of the 
silicon grafting clip for both measurement dates to ensure the same place on the stem was being 
measured to calculate SDRG. SDRG was calculated as [(stem diameter 14 d after grafting – stem 
diameter immediately after grafting) / (stem diameter immediately after grafting) x 100%] (Hu 
and Kleinhenz, 2015). 
An indirect estimate of leaf chlorophyll concentration was measured with a chlorophyll 
meter (SPAD-502 Plus; Konica Minolta Sensing America Inc., Ramsey, NJ). Five readings were 
taken on the first fully developed leaf and averaged, and were repeated on five representative 
plants within each treatment (n = 120). The experiment was terminated on 3 Mar. and 13 Apr.; 
both SPAD readings and biomass collection occurred on these dates. 
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Six plants from each treatment were destructively sampled for biomass (n = 144). Scion 
and rootstocks were separated at the grafted union using a razor blade. All rootstocks were 
washed until no substrate remained. Individual scions and rootstocks were collected in labeled 
brown paper bags for drying. Biomass samples were placed in a drying oven (622; Hotpack, 
Philadelphia, PA) at 67 ⁰C for 3 d. Once all moisture had been removed, dried tissue was 
weighed using a 500 g scale (Scout Pro Balance; Ohaus Corporation, Parsippany, NJ). 
 
Data analysis 
Data were analyzed using PROC GLIMMIX in SAS (version 9.4; SAS Institute, Cary, 
NC). Environmental data was analyzed to show heat by dark interactions. Graft survival and 
SPAD values each had significant heat by dark interactions (P ≤ 0.05) and data were analyzed 
accordingly. Remaining response variables had no heat by dark interactions, so analysis focused 
on the main effects of heat and dark. RH and VPD were arcsine-square root transformed for 
analysis and then back-transformed for presentation of means. Analysis of conditional residuals 
for all other response variables indicated no deviation from homogeneity or normality 
assumptions. All treatment means were separated using Tukey’s Honestly Significant Difference 
(HSD) test (α = 0.05). Additionally, ANOVA was performed on graft survival as affected by 





Healing chambers covered with clear domes (0 d dark) had light entering the chamber 
each day and reached an average maximum light intensity of 35,391 lux during d 0 to 7 post-
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grafting (Fig. 5.1). The chambers that were covered with light-blocking domes for either 4 or 6 d 
received no detectible light within the healing chambers during the respective treatment periods 
(Fig. 5.1). Average maximum light intensity within the chambers for 4 and 6 d dark was 37,200 
and 38,837 lux, respectively. Within the greenhouse, the average maximum light intensity at 
bench level was 64,756 lux during the 7 d post-grafting for the two repetitions of the experiment. 
 
Air and substrate temperature 
During the 7 d post-grafting, the air temperature within the no heat healing chambers 
followed a similar pattern each day (Fig 5.2A). Chambers in the heat treatment healing chambers 
had more varied air temperatures as shown in Fig 5.2A. There was an interaction between heat 
and dark treatments for average and maximum air temperature (Table 5.1). Healing chambers 
placed on heat mats had higher maximum air temperatures compared to chambers in ambient 
conditions (no heat) (Table 5.1). Within the effect of heat, chambers covered with light-blocking 
domes for 4 d had a higher maximum air temperature than chambers covered for 6 d (Table 5.1). 
There were no differences in average or minimum air temperatures among dark treatments for 
healing chambers placed on heat mats (Table 5.1). For healing chambers that were not placed on 
heat mats, there was an increase in average and maximum air temperatures within chambers that 
had no light blocked (0 d dark) (Table 5.1). In the no heat treatment, there were no differences in 
minimum air temperature within the healing chambers (Table 5.1). Within the greenhouse, the 
air temperature ranged from 16 to 31 ⁰C with an overall average air temperature of 22 ⁰C during 
the 7 d period post-grafting for the two repetitions. 
The substrate temperature had divergent patterns between heat and no heat treatments 
during the 7 d post-grafting (Fig. 5.2B). The daily minimum substrate temperature occurred 
between 0:00 and 4:00HR each day for no heat treatments; however, during this same period the 
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substrate temperature for the heat treatment was generally reaching the daily maximum (Fig. 
5.2B). Within each heat treatment, the temperature pattern was similar among dark treatments 
(Fig. 5.2B). There were no differences in average, minimum, or maximum substrate temperature 
among healing chambers placed on heat mats (Table 5.1). For chambers in the no heat treatment, 
there was an increase in average substrate temperature in the 0 d dark treatment as compared to 4 
or 6 d dark (Table 5.1). Minimum and maximum substrate temperature were not different among 
healing chambers in the no heat treatment (Table 5.1).  
 
RH and VPD 
Over the 7 d post-grafting, healing chambers placed on the heat mats had a more constant 
RH as compared to the no heat treatments, but by d 5 post-grafting there was a noticeable 
increase in variability among relative humidity among all treatments (Fig. 5.2C). There were no 
differences among average, minimum, or maximum relative humidity values for any heat by 
dark treatment combinations (Table 5.2). However, there was an observed trend of decreased 
relative humidity under the no heat treatment (Table 5.2). Similar to relative humidity, there 
were no differences among VPD for any treatments (Table 5.2). 
 
Grafted plant survival 
There was an interaction between heat and dark main effects for grafted plant survival 
(percent) (Table 5.3). Grafted plant survival in healing chambers placed on heat mats decreased 
from 96% to 45% as dark treatments increased from 0 to 6 d (Table 5.3). Grafted plants in the no 
heat healing chamber treatments had a survival rate of 82% to 97%, with plants in the 0 d dark 




Plant growth parameters 
SPAD readings differed among plants healed in chambers placed on the heat mats but 
were similar across treatments of unheated plants (Table 5.4). SPAD readings were higher for 
plants that were healed in 6 d dark as compared to plants in 0 d dark (Table 5.4).  
There were no interactions among the main effects of heat and dark treatments for the 
remaining plant growth parameters of SDRG, stem diameter, scion and rootstock biomass, or 
scion to rootstock biomass (and the inverse) ratios (Table 5.5). Both SDRG and stem diameter 
decreased as the number of days of darkness increased (Table 5.5). SDRG was 1.7 times greater 
in plants that had no light blocked during healing compared to plants with light blocked for either 
4 or 6 d (Table 5). Heat had no effect on either SDRG or stem diameter (Table 5.5).  
Neither dark or heat treatments affected scion or rootstock biomasses. Both the 
scion:rootstock and rootstock:scion biomass ratios were similar due to the main effects of heat 
and dark (Table 5.5). 
 
Discussion 
This study aimed to test the effects of substrate heat application and the number of days 
without light for the healing of grafted tomato transplants. While controlling the number of days 
of blocked light was easily achieved using painted domes removed on d 4 and 6 post-grafting; 
controlling temperature with the propagation mats proved less effective and the heat treatment 
was detrimental to plant survival, especially under 4 and 6 d of darkness. The combination of no 
added heat and 0 d dark resulted in the highest plant survival at 97%, although plant survival was 
96% for transplants grown on heat mats and 0 d dark. 
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Our results demonstrated that blocking all light during healing of grafted tomato 
transplants for 4 and 6 d should be avoided. The inclusion of a 6 d dark treatment proved to be 
extreme, and our results for both 4 and 6 d of light exclusion confirm the recommendation by 
Buajaila et al. (2018) that full light exclusion should no longer be a recommendation for healing 
of grafted tomato transplants. Our study is unique in the use of a treatment with no light 
reduction, and light intensity within the healing chambers either in the 0 d dark treatment or once 
the 4 or 6 d dark domes were removed, was much higher than other studies have reported. 
Kubota et al. (2008) recommended a target photosynthetic photo flux density (PPFD) of 100 
μmol.m-2.s-1, and when our data was converted from lumens to PPFD, for comparison, the 
average under 0 d dark was ~430 μmol.m-2.s-1. Additionally, the average light intensity inside the 
0 d dark chamber was approximately five times greater than the highest light treatment (50% 
available light) used by Buajaila et al. (2018). While the authors reported that grafted tomato 
survival was highest under the 50% available light treatment as compared to 0% or 25% 
available light, they did not specify the percent survival of tomatoes specifically under these 
conditions (Buajaila et al., 2018) making a comparison to our study difficult. The high percent of 
grafted transplant survival under full light conditions demonstrated in our study creates a basis to 
further explore this method in future research.  
We observed a consistent pattern of the substrate temperature exceeding the thermostat 
setting of 26.6 ℃ in healing chambers placed on the propagation mats, especially during the 
nighttime hours when the propagations mats switched on more frequently. During this same 
period the no heat treatments were at their minimum temperature for the 24-hour period. An 
optimum temperature for tomato root growth is 30 ℃ (McMichael and Burke, 1998), and while 
the average substrate temperature for healing chambers on propagation mats was near 33 ℃, the 
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maximum temperatures were between 41 to 46 ℃. The chambers that were not on propagation 
mats had average substrate temperatures that were approximately 10 ℃ below the optimum 
level.  
The use of the propagation mats increased air temperatures within the healing chambers 
in a pattern similar to that observed in the substrate. The average air temperature in healing 
chambers on the propagation mats were near the acceptable range, but the maximum 
temperatures greatly exceeded those reported in other studies (Buajaila et al., 2018; Johnson and 
Miles, 2011; Masterson et al., 2016b). The average air temperature within healing chambers not 
placed on propagation mats were on the lower end of the range currently recommended, but in 
general, the air temperatures within the healing chambers were comparable to prior studies 
(Buajaila et al., 2018; Johnson and Miles, 2011; Masterson et al., 2016b). Full sun conditions 
provided under the 0 d dark treatment, even in the absence of supplemental heat from a 
propagation mat, led to a maximum air temperature of 37 ℃ within the healing chamber. It 
appears that this maximum temperature was not sustained long enough to be detrimental for 
plant survival. 
  Information regarding the role of substrate temperature in grafted plant healing is not 
readily available, so it is difficult to compare our research to prior work. Furthermore, due to our 
research design, it is difficult to uncouple the effects of air temperature from soil temperature. 
While future research on the role of substrate temperatures in healing grafted tomatoes may be 
beneficial, at the present it seems best to the focus on the maintenance of healing chamber air 
temperatures below 28 ℃. Our exploration of supplemental heat in grafted transplant production 
offers support that this practice should be avoided, and the advice to focus on heat reduction 
within healing chambers is warranted. 
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The use of 606-cell inserts for grafted plant production may have influenced plant 
survival. These inserts have been widely used by the authors in splice grafting workshops as 606-
cell inserts makes handling plant material easier for growers instead of reaching into or across a 
72-cell propagation tray. However, the use of the 606-cell packs as compared to 72-cell 
propagation trays leads to an increased substrate volume, which increases water holding capacity 
and may have contributed to the maintenance of high relative humidity within the chambers. 
With healing chambers placed on propagation mats, the increased substrate temperature 
appeared to increase the evaporation and subsequent observed condensation on the humidity 
domes. While increased temperatures result in an increased rate of evaporation and decreased 
RH, the evaporation rate slows as the air approaches saturation vapor pressure (Giancoli, 2005). 
Within the closed system of the healing chamber, the saturation vapor pressure was likely 
reached more quickly, resulting in low VPD. A VPD close to zero indicates the achievement of 
the highest RH possible in a given environment (Johnson and Miles, 2011). Within chambers 
placed on propagation mats, RH averaged 94% while VPD was 0.81 kPa as compared to the no 
heat chambers which averaged 92% RH and VPD of 0.62 kPa. The VPDs in our study were 
much higher than those found by Johnson and Miles (2011). Additionally, the RH within our 
chambers was much higher than RH reported in recent studies by Johnson and Miles (2011) and 
Masterson et al. (2016b). However, our reported values align with recent RH values reported by 
Buajaila et al. (2018) and Wei et al. (2018). Our chambers, which are smaller in size compared to 
many designs, had a reduced air volume within the closed system. Johnson and Miles (2011) 
suggested that minimizing healing chamber dimensions would be beneficial to decrease the ratio 
of air volume to water volume, easing maintenance of high RH and minimizing 
evapotranspiration from the scion leaves. Overall, the design and maintenance of our healing 
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chambers resulted in RH values which align with the most current recommendations to maintain 
a high RH in order to optimize grafted plant survival. 
Our reported plant survival rates of 96% and 97% in 0 d dark in combination with heat 
and no heat conditions, respectively, is comparable to grafted tomato survival rates of 98% found 
by Johnson and Miles (2011) and 91 to 94% found at one location in research conducted by 
Masterson et al. (2016b). It is difficult to make direct comparisons of plant survival rates as our 
chamber designs were different than those used by the two previously stated studies. However, 
Buajaila et al. (2018) found an average plant survival rate of 95% in a chamber with 50% 
available light and 100% RH, which most closely aligns to our healing chamber design. 
Masterson et al. (2016b) found survival rates of transplants inside a plastic chamber, without a 
humidifier, covered with a 55% shade cloth, resulted in 95% and 78% plant survival at two 
different trial locations. The RH inside the chambers at each location (Masterson et al., 2016b) 
were up to 40% lower than the RH reported in our healing chambers. Comparing our results to 
studies conducted in the Pacific Northwest and Plains regions of the United States highlights the 
importance of future replication of our proposed chamber design across other regions of the 
United States to determine applicability for a wider range of small-scale growers. 
In general, plant growth parameters were not largely affected by the heat or dark 
treatments within our study. Within healing chambers placed on propagation mats SPAD values 
were higher as the number of days transplants were in the dark increased. The higher SPAD 
values may have been due to increased chloroplast size to maximize light harvest as triggered by 
the reduced light conditions for the first 4 to 6 d post-grafting (Larcher, 1995). Buajaila et al. 
(2018) pointed out that SPAD was not a valuable method for measuring plant health within their 
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study, and the inferences we can draw from SPAD in the present study are limited to the 
treatments that were placed on the propagation mats. 
Only stem diameter and SDRG were different among treatments, and those differences 
were limited to 0, 4, and 6 d of dark conditions. Both SDRG and stem diameter were lower in the 
4 and 6 d dark treatments indicating that the length of photosynthesis suppression was longer 
than optimal. Providing conditions to maximize photosynthetic activity as early as possible post-
grafting appears to be important in compensating for suppressed activity during the initial graft 
union formation. A higher SDRG, which leads to increased stem diameter at time of planting, 
could be advantageous for continued transplant success after field planting. This conclusion is 
based on the recommendation of Bausher (2013) who states the importance of improving the 
strength of the graft union and overall plant durability prior to field planting. 
 
Conclusions 
Our methods departed from the recommendations for typical healing chamber 
construction and management. Grafted plants in the healing chamber that remained in ambient 
conditions with no light exclusion, were exposed to air temperatures and RH that align with 
values reported in several recent studies. Additionally, our transplant survival rate under the 
highest-performing treatment combination was similar to rates reported by other studies with 
alternative healing chamber designs and management. The magnitude of success for transplant 
survival under full light conditions within our study was surprising and leads use to recommend 
that this practice be evaluated in multiple regions of the United States. We would advise against 
further use of propagation mats to control temperature based on the generally detrimental effect 
on plant survival observed in our study, especially in combination with any length of total light 
exclusion. 
 144 
Our proposed method of using 606-cell packs placed on capillary matting, covered with 
only a clear humidity dome resulted in 97% transplant survival and should be considered an 
initial proof of concept for low-input healing chambers. Future research should continue to 
investigate low-input healing chamber designs and management protocols that are targeted to 
small-scale tomato growers. 
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Figure 5.1. Light intensity in healing chambers containing grafted tomato transplants in a 
greenhouse in Ames, IA. This study was a randomized split plot design conducted in two 
repetitions with four blocks nested in each repetition. Heat was the whole plot and dark (0, 4, 
6) was the subplot factor. Data is for d 0 to 7 post-grafting averaged across two repetitions 
(10 Feb. to 17 Feb. and 24 Mar. to 31 Mar. 2017). Transplants in all treatments were covered 
with clear humidity domes [length 21.5 inches x width 11 inches x height 2.1 inches (STF-
1020-CLEAR-DOME; T.O. Plastics, Clearwater, MN)] until 7 d post-grafting. “Days dark” 
indicates the number of days post-grafting transplants were covered with an additional 
humidity dome painted completely black with an additional coat of aluminum paint to block 
all light (Krylon; Sherwin-Williams, Cleveland, OH). Data were recorded every 15 minutes 
with data loggers placed on the substrate surface (Hobo Pendant; Onset Computer 









Figure 5.2. Mean (A) air temperature, (B) substrate temperature, and (C) relative humidity within 
healing chambers containing grafted tomato transplants in a greenhouse in Ames, IA. This 
study was a randomized split plot design conducted in two repetitions with four blocks nested 
in each repetition. Heat was the whole plot and dark (0, 4, 6) was the subplot factor. Data is 
for d 0 to 7 post-grafting averaged across two repetitions (10 Feb. to 17 Feb. and 24 Mar. to 
31 Mar. 2017). “Heat” indicates healing chambers that were placed on a propagation mat 
[length 60 inches x width 22 inches (PM-9A; Pro-Grow Supply, Brookfield, Wisconsin)] 
connected to a thermostat (GC-4 Gro-control; Pro-Grow Supply) with a set-point of 80 ⁰F. 
“No heat” indicates healing chambers that remained on the greenhouse bench in ambient 
conditions. Transplants in all treatments were covered with clear humidity domes [length 
21.5 inches x width 11 inches x height 2.1 inches (STF-1020-CLEAR-DOME; T.O. Plastics, 
Clearwater, MN)] until 7 d post-grafting. The numbers “0, 4, or 6” indicate the number of 
days post-grafting transplants were covered with an additional humidity dome painted 
completely black with an additional coat of aluminum paint to block all light (Krylon; 
Sherwin-Williams, Cleveland, OH). Air temperature and relative humidity were recorded 
every 15 min by thermistors (DHT22; Adafruit Industries LLC, New York, NY) connected to 
a microcontroller (Mega 2560; Arduino, Somerville, MA). Substrate temperature was 
recorded every 15 min by soil-based thermocouples (DS18B20; Maxim Integrated Products, 










Table 5.1. Effect of heat and dark treatment interactions on average, minimum, and maximum air 
and substrate temperature for grafted tomato transplants from day 0 to 7 in a study of post-
grafting healing methods conducted in a greenhouse in Ames, IA.z 
 Air temperature (⁰C)y  Substrate temperature (⁰C)x 
Darkw Average Minimum Maximum  Average Minimum Maximum 
 Heatv 
    0 28.4 19.9    39.1 abu  32.7 23.3 41.2 
    4 29.9 19.7 41.5 a  33.6 21.0 45.2 
    6 28.4 19.6 34.9 b  33.6 22.1 45.6 
P valuet     0.18     0.90      0.0057      0.63     0.26     0.46 
 No heat 
    0    22.8 a 15.9 37.2 a    20.4 a 15.7 27.3 
    4   20.7 b 16.2 28.7 b    19.3 b 15.6 27.7 
    6   20.6 b 16.0 28.8 b    19.0 b 15.7 24.5 
P value        0.0168     0.49       0.0086          0.0125     0.97     0.06 
zThis study was a randomized split plot design conducted in two repetitions with four blocks nested 
in each repetition. Heat was the whole plot and dark was the subplot factor. Data were averaged for 
d 0 to 7 post-grafting across two replications over time (10 Feb. to 17 Feb. and 24 Mar. to 31 Mar. 
2017).  
yAir temperature was recorded every 15 min by thermistors (DHT22; Adafruit Industries LLC, 
New York, NY) connected to a microcontroller (Mega 2560; Arduino, Somerville, MA).  
xSubstrate temperature was recorded every 15 min by soil-based thermocouples (DS18B20; Maxim 
Integrated Products, Sunnyvale, CA) connected to the same microcontroller.  
wTransplants in all treatments were covered with clear humidity domes [length 21.5 inches x width 
11 inches x height 2.1 inches (STF-1020-CLEAR-DOME; T.O. Plastics, Clearwater, MN)] until 7 
d post-grafting. ”Dark” indicates the number of days post-grafting transplants were covered with an 
additional humidity dome painted completely black with an additional coat of aluminum paint to 
block all light (Krylon; Sherwin-Williams, Cleveland, OH). 
v“Heat” indicates healing chambers that were placed on a propagation mat [length 60 inches x 
width 22 inches (PM-9A;  Pro-Grow Supply, Brookfield, Wisconsin)] connected to a thermostat 
(GC-4 Gro-control; Pro-Grow Supply) with a set-point of 26.67 ⁰C. “No heat” indicates healing 
chambers that remained on the greenhouse bench in ambient conditions. 
uMeans followed by the same letter within either “Heat” or “No heat” and the same column are not 
different according to Tukey’s HSD (P ≤ 0.05). 






Table 5.2. Effect of heat and dark treatment interactions on average, minimum, and maximum 
relative humidity and vapor pressure deficit (VPD) for grafted tomato transplants from day 0 to 
7 in a study of post-grafting healing methods conducted in a greenhouse in Ames, IA.z 
 Relative humidity (%)y  VPD (kPa) 
Darkx Average Minimum Maximum  Average Minimum Maximum 
 Heatw 
    0 95.7 38.8 98.9    0.40 0.00   3.46 
    4 96.5 46.5 99.9    1.83 0.20   4.47 
    6 91.7 31.7 99.9    0.21 0.00   2.06 
P valuev     0.16     0.52    0.72    0.31 0.41   0.46 
 No heat 
    0  92.2 32.6 95.7    0.49 0.02   3.02 
    4 89.5 27.6 96.5    0.62 0.25   2.59 
    6 93.0 44.6 91.7    0.93 0.27   3.34 
P value     0.10    0.06     0.41    0.94 0.63   0.80 
zThis study was a randomized split plot design conducted in two repetitions with four blocks nested 
in each repetition. Heat was the whole plot and dark was the subplot factor. Data were averaged for 
d 0 to 7 post-grafting across two replications over time (10 Feb. to 17 Feb. and 24 Mar. to 31 Mar. 
2017).  
yRelative humidity and VPD were recorded every 15 min by thermistors (DHT22; Adafruit 
Industries LLC, New York, NY) connected to a microcontroller (Mega 2560; Arduino, Somerville, 
MA).  
xTransplants in all treatments were covered with clear humidity domes [length 21.5 inches x width 
11 inches x height 2.1 inches (STF-1020-CLEAR-DOME; T.O. Plastics, Clearwater, MN)] until 7 d 
post-grafting. ”Dark” indicates the number of days post-grafting transplants were covered with an 
additional humidity dome painted completely black with an additional coat of aluminum paint to 
block all light (Krylon; Sherwin-Williams, Cleveland, OH). 
w“Heat” indicates healing chambers that were placed on a propagation mat [length 60 inches x 
width 22 inches (PM-9A;  Pro-Grow Supply, Brookfield, Wisconsin)] connected to a thermostat 
(GC-4 Gro-control; Pro-Grow Supplywith a set-point of 26.67 ⁰C. “No heat” indicates healing 
chambers that remained on the greenhouse bench in ambient conditions. 
vData were analyzed using PROC GLIMMIX in SAS (version 9.4; SAS Institute, Cary, NC). All 






Table 5.3. Mean percent survival of grafted tomato 
transplants as a function of heat and dark interactions in 
a study of post-grafting healing methods conducted in a 
greenhouse in Ames, IA.z 
 Survival (%)y 
Darkx Heatw No heat 
0  96 av 97 a 
4 63 b 86 b 
6 45 c 82 b 
P valueu      < 0.0001         0.0003 
zThis study was a randomized split plot design conducted in 
two repetitions (10 Feb. to 3 Mar. and 24 Mar. to 13 Apr. 
2017) with four blocks nested in each repetition. Heat was 
the whole plot and dark was the subplot factor. There was a 
significant interaction between the main effects of heat and 
dark (P = 0.0363). 
yMean percent survival of ‘Cherokee Purple’ scion grafted 
to ‘RST-04-106-T’ rootstocks on 12 and 11 d post-grafting 
for repeats one and two, respectively. 
xTransplants in all treatments were covered with clear 
humidity domes [length 21.5 inches x width 11 inches x 
height 2.1 inches (STF-1020-CLEAR-DOME;  T.O. 
Plastics, Clearwater, MN)] until 7 d post-grafting. ”Dark” 
indicates the number of days post-grafting transplants were 
covered with an additional humidity dome painted 
completely black with an additional coat of aluminum paint 
to block all light (Krylon; Sherwin-Williams, Cleveland, 
OH).  
w“Heat” indicates healing chambers that were placed on a 
propagation mat [length 60 inches x width 22 inches (PM-
9A;  Pro-Grow Supply, Brookfield, Wisconsin)] connected 
to a thermostat (GC-4 Gro-control; Pro-Grow Supply) with 
a set-point of 26.67 ⁰C. “No heat” indicates healing 
chambers that remained on the greenhouse bench in ambient 
conditions. 
vMeans followed by the same letter within the same column 
are not different according to Tukey’s HSD (P ≤ 0.05). 
uData were analyzed using PROC GLIMMIX in SAS 


























Table 5.4. Mean SPAD meter readings of grafted tomato 
transplants as a function of heat and dark interactions in 
a study of post-grafting healing methods conducted in a 
greenhouse in Ames, IA.z 
 SPAD readingy 
Darkx Heatw No heat 
0   37.5 bv 39.6 
4   39.7 ab 40.7 
6 40.9 a 40.4 
P valueu      0.0056     0.35 
zThis study was a randomized split plot design conducted in 
two repetitions (10 Feb. to 3 Mar. and 24 Mar. to 13 Apr. 
2017) with four blocks nested in each repetition. Heat was 
the whole plot and dark was the subplot factor. There was a 
significant interaction between the main effects of heat and 
dark (P = 0.0088). 
ySPAD readings of ‘Cherokee Purple’ scion grafted to 
‘RST-04-106-T’ rootstock were collected on 21 and 19 d 
after grafting (3 Mar. and 13 Apr. 2017 for repeat one and 
two, respectively). 
xTransplants in all treatments were covered with clear 
humidity domes [length 21.5 inches x width 11 inches x 
height 2.1 inches (STF-1020-CLEAR-DOME; T.O. Plastics, 
Clearwater, MN)] until 7 d post-grafting. ”Dark” indicates 
the number of days post-grafting transplants were covered 
with an additional humidity dome painted completely black 
with an additional coat of aluminum paint to block all light 
(Krylon; Sherwin-Williams, Cleveland, OH).  
w“Heat” indicates healing chambers that were placed on a 
propagation mat [length 60 inches x width 22 inches (PM-
9A;  Pro-Grow Supply, Brookfield, Wisconsin)] connected 
to a thermostat (GC-4 Gro-control, Pro-Grow Supply) with 
a set-point of 26.67 ⁰F. “No heat” indicates healing 
chambers that remained on the greenhouse bench in ambient 
conditions. 
vMeans followed by the same letter within the same column 
are not different according to Tukey’s HSD (P ≤ 0.05). 
uData were analyzed using PROC GLIMMIX in SAS 
(version 9.4; SAS Institute, Cary, NC). 
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Table 5.5. Main effects of heat and dark treatments on plant growth parameters [stem diameter 
relative growth (SDRG), stem diameter, scion and rootstock biomass, and scion:rootstock and 
roostock:scion biomass ratios] of grafted tomato transplants in a study of post-grafting healing 

















Dark (D)v       
    0    53 au   3.6 a   0.34   0.09 3.8   0.28 
    4   36 b   3.2 b   0.34   0.08 4.2   0.25 
    6   28 b   2.9 c   0.29   0.07 4.4   0.26 
P valuet   < 0.0001   < 0.0001   0.06   0.07   0.30   0.40 
       
Heat (H)s       
Heat 41 3.1   0.31   0.08 4.2   0.26 
No heat 37 3.2   0.34   0.09 4.1   0.27 
P value        0.28   0.08   0.10   0.23   0.73   0.74 
       
D x H       
P value       0.69   0.62   0.15   0.70   0.62   0.60 
zThis study was a randomized split plot design conducted in two repetitions (10 Feb. to 3 Mar. and 
24 Mar. to 13 Apr. 2017) with four blocks nested in each repetition. Heat was the whole plot and 
dark was the subplot factor. ‘Cherokee Purple’ scions were grafted to ‘RST-04-106-T’ rootstocks.  
ySDRG was calculated as [(stem diameter 14 d after grafting – stem diameter immediately after 
grafting) / (stem diameter immediately after grafting) x 100%]. 
xStem diameter was measured 14 d after grafting on 24 Feb. and 7 Apr. 2017 for repeat one and 
two, respectively (1 mm = 0.0394 inches). 
wBiomass was collected 21 and 19 d post-grafting for repeats one and two, respectively (3 Mar. 
and 13 Apr. 2017). The scion and rootstock were separated at the graft union, dried for 3 d at 67 
⁰C, and weighed to measure biomass. (1 g = 0.0353 ounces). 
vTransplants in all treatments were covered with clear humidity domes [length 21.5 inches x width 
11 inches x height 2.1 inches (STF-1020-CLEAR-DOME; T.O. Plastics, Clearwater, MN)] until 7 
d post-grafting. ”Dark” indicates the number of days post-grafting transplants were covered with an 
additional humidity dome painted completely black with an additional coat of aluminum paint to 
block all light (Krylon, Sherwin-Williams, Cleveland, OH).  
uMeans followed by the same letter within either treatment D or H and the same column are not 
different according to Tukey’s HSD (P ≤ 0.05). 
tData were analyzed using PROC GLIMMIX in SAS (version 9.4; SAS Institute, Cary, NC). 
s“Heat” indicates healing chambers that were placed on a propagation mat [length 60 inches x 
width 22 inches (PM-9A;  Pro-Grow Supply, Brookfield, Wisconsin)] connected to a thermostat 
(GC-4; Gro-control, Pro-Grow Supply) with a set-point of 26.67 ⁰C. “No heat” indicates healing 




CHAPTER 6.    GENERAL CONCLUSIONS 
Summary of research 
Research, detailed in the proceeding chapters, tested the impacts of grafting, shade cloth, 
and cultivar selection for improving Midwest high tunnel production systems, and results can 
lead to practical changes that are beneficial for high tunnel tomato and pepper production.  
The initial trial of grafted tomatoes conducted in 2015 and 2016 showed minimal benefits 
of using the rootstock ‘RST-04-106-T’ grafted to either a hybrid or heirloom tomato in typical 
Iowa soil conditions. However, the interest generated from workshop and field day presentations 
of these findings drove further research on seven additional tomato rootstocks. These rootstocks 
were each grafted to the hybrid, determinate tomato, ‘BHN 589’. Within both 2017 and 2018, 
five rootstocks out-grew and out-yielded the nongrafted and self-grafted controls as well as the 
other rootstocks. Our research demonstrated that ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, 
‘Estamino’, and ‘Maxifort’ are all viable options for use in Iowa. However, when using grafted 
tomatoes, results are heavily dependent on rootstock x scion x environment interactions 
(Albacete et al., 2015). Considered collectively, grafting has only increased yield in 35% of the 
studies reported globally (Grieneisen et al., 2018), which highlights the need to consider the 
reasons for using grafted tomatoes in a particular production scenario. 
Additional research within high tunnels was used to test the effects of 30% and 50% 
light-reducing black shade cloth on improving yield, fruit quality, and plant growth of seven 
colored bell pepper cultivars and focused on the shade cloth treatments as compared to a high 
tunnel with no shade covering. Overall, we observed yield decreases as shade level increased, 
with a decrease in marketable fruit number and weight occurring between the control and 50% 




and Georgia (Díaz-Pérez, 2014) has shown that black woven shade cloth between 30% and 47% 
can improve plant health, decrease crop losses, and improve marketable yield. A few plant 
growth parameters were altered in response to shading, but our results did not align neatly with 
previous research (Díaz-Pérez, 2013) and may have been due to high variability among plants 
within treatments and/or the low number of replications of whole-tunnel shade treatments. Our 
research findings served to provide the first study, to our knowledge, of shade cloth effects on 
colored bell pepper production within United States high tunnels. The additive effect of light 
reduction due to the polyethylene film covering the high tunnel plus the placement of shade cloth 
reduced light levels more drastically than the target values of 30% and 50% and demonstrate that 
lower levels of light reduction and alternative colors of shade cloth may be better options for 
production. 
Finally, our research focused on grafted transplant production using 606-cell inserts and 
humidity domes to construct simple chambers for post-grafting healing and acclimatization of 
grafted tomato transplants. We tested combinations of heat and no heat treatments with zero, 
four, and six days of light exclusion. The use of heat increased the number of transplants lost as 
days of light exclusion increased. The exclusion of light for either four or six days proved 
detrimental for plant survival. Growth was relatively unaffected by either treatment factor, 
except for stem growth which improved in full light conditions. This calls into question the 
necessity of light reduction or exclusion for healing grafted transplants. 
In total, this research leads to several recommendations for Midwest high tunnel growers, 
but also raises new questions and future directions for high tunnel research. Both 






• The use of grafted tomatoes may increase yields for Iowa high tunnel growers but use of 
grafted plants should begin with a small-scale, replicated on-farm trial to determine the 
suitability of unique rootstock x scion combinations for location. The best rootstocks to 
use will likely be ‘Arnold’, ‘Beaufort’, ‘DRO141TX’, ‘Estamino’, or ‘Maxifort’. If these 
rootstocks perform similarly on-farm, then the selection of the rootstock should be based 
on the price per seed or transplant of each rootstock. 
• The use of black shade cloth placed on high tunnels to reduce solar radiation and heat for 
colored bell peppers should be approached cautiously. A shade cloth that is greater than 
30% should not be used. Retrofitting current high tunnels with additional ventilation may 
be a better long-term solution for production of bell peppers. 
• Small-scale growers can successfully graft and heal tomato transplants on-farm. 
Temperatures within the healing chamber should remain below 30 ℃, and RH should 
remain between the current recommendations of 80 to 100%. The exclusion of light 
during transplant healing may not be necessary. 
 
Recommendations for future research 
• University-run trials of grafted tomatoes should expand across the different soil-types 
within the state of Iowa. Work should continue to evaluate the five rootstocks identified 





• Tomato rootstocks should be evaluated for water use efficiency, nitrogen requirements, 
and cold tolerance within the state in order to better understand the full value of tomato 
grafting for our growers as well as improve management of these plants. 
• In addition to tomato grafting, the use of grafted peppers should be trialed in Iowa in 
order to develop a full understanding of the role of grafted solanaceous crops in 
improving Midwest production. 
• Future research on shade cloth should focus on the effects of 10% and 20% black shade 
cloth. Alternative colors such as pearl, red, and yellow should also be trialed. 
• Practical solutions for retrofitting high tunnels with additional ventilation should be 
identified, and these methods should be compared to the use of shade cloth. 
• Based on our findings, work should be done to identify optimum spacing of peppers 
within Midwest high tunnels to improve overall yield. 
• Finally, there is great benefit in working with experts in education and social sciences in 
order to understand barriers to adoption of on-farm grafting. This information could be 
used to create a training program that greatly improves farmers comfort level with the use 
of grafted transplants. 
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